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PREFACE 

The Conference on the Standardization of Safety and Performance 
Tests for Energetic Materials was held at the US Army Armament 
Research and Development Command (ARRADCOM), Dover, New Jersey on 
21-23 June 1977 and was sponsored jointly by the Energetic Materials 
Division, Large Caliber Weapon Systems Laboratory, ARRADCOM, and the 
Joint Technical Coordinating Group for Munitions Development, 
Working Party for Explosives (JTCG/MD WPE). The General Chairman 
was Dr. Raymond Walker, Chief, Energetic Materials Division, LCWSL, 
ARRADCOM and the Program Committee included Dr. H. J. Matsuguma. Dr. 
F. Owens and Mr. Louis Avrami. The purpose of the conference was to 
provide a rational basis for and a coordinated approach to the 
international standardization of tests for explosives, propellants 
and pyrotechnics. The term qualification embraces the producibility, 
hazards, storability, transportation, performance and cost effective- 
ness criteria that the materials must meet in order to be acceptable 
for military use. The presentations and discussions were, therefore, 
directed to: 

1. Reviewing the philosophy, methodology, and documentation 
employed in different agencies and countries for the qualification 
of energetic materials for military use. 

2. eviewing on-going research and development to provide 
improved tests and criteria. 

3. Developing in an executive session an approach to the 
evolution of improved standard tests, criteria, and manuals for 
national and international acceptance. 

The participants were welcomed by Major General Bennett E. 
Lewis, Commanding General, ARRADCOM, who was introduced by Colonel 
Peter B. Kenyon, Conmander/Director, LCWSL, ARRADCOM. The keynote 
address was presented by Dr. R. F. Walker, EMD, who set forth the 
theme and objective of the conference. The conference was divided 
into four sessions as follows: 

• Session 1: Chairman - Dr. Harold J. Matsugusa, ARRADCOM 
(USA) 

• Session 2: Co-Chairman - Dr. B. Zeller, Soclete" Nationale 
des Poudres et Explosifs, Centre de Recherches du bouchet, 
France, and Mr. K. Beedham, Ordnance Board, United Kingdom. 

• Session 3: Co-Chairmen - Dr. John Kury, Lawrence Livermore 
Laboratory, USA, and Mr. Louis Avrami, ARRADCOM, USA. 
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• Session 4: Co-Chairmen - Dr. W. Schmacker, Bundesamt für 
Wehrtechnik und Beschaffung, West Germany and Dr. H.J. 
Pasman, Technological Laboratory TNO, The Netherlands. 

On the morning of the last day of the conference discussion 
groups held parallel meetings and in the afternoon each group re- 
ported its findings to the general assembly. The discussion groups 
were as follows: 

• Discussion Group on Requirements and Prospects for Improved 
Hazard and Storability Tests: Chairman, Dr. T. Joyner, US 
Naval Weapons Center, China Lake, CA. 

Discussion Group on Requirements and Prospects for Improved 
Performance Tests for Propellants: Chairmen, Mr. C.B. Dale, 
Naval Ordnance Station, Indianhead, MD, and Mr. C. Lenchitz, 
ARRADCOM. 

• Discussion Group on Requirements and Prospects for Improved 
Performance Tests for Explosives: Chairman, Mr. J. Hershkowitz, 
ARRADCOM. 

1 

Discussion Group on Requirements and Prospects for Improved 
Performance Tests for Pyrotechnics: Chairman, Mr. T. Boxer, 
ARRADCOM. 

i 

* Discussion Group on Prospects for Standardization of Meth- 
odology Among Nations and Commodities: Chairman, Dr. R.F. 
Walker, ARRADCOM. 

Attendance at the conference totaled 150 participants represent- 
ing nine countries and about 45 different government and commercial 
organizations. Thirty-two papers were presented and discussed. 
These papers constitute Volume 1 of the proceedings while Volume 2 
will consist of the findings and recommendations of discussion 
groups as presented in the final assembly. A compilation of the 
abstracts for the papers was distributed at the meeting. 

We wish to extend our thanks to the authors, session chairmen, 
group discussion chairmen, and all of the participants who made this 
meeting a success. The need for standardization is clear and the 
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international interest that was evident at the conference has, we 
hope, laid the groundwork for continued progress toward international 
standardization of safaty and performance tests for energetic 
materials. 

c <.T* K^> Wt\x. e.£t 

Raymond; F. Walker 
General Chairman 

Louis Avrami 
Harold J. Matsuguma 
Proceedings Committee 

iii 

O 

■ 



CONTENTS 

Volume I 

O 

Session Page 

ATTENDEES ix 

INTRODUCTION 
Dr. R.F. Walker, Chief, Energetic Materials Division, 
Large Caliber Weapon Systems Laboratory, US Army 
Armament Research and Development Command, Dover, 
New Jersey 1 

1 CHAIRMAN: Dr. Harold J. Matsuguma, ARRADCOM, USA 

1.1 UK Philosophy and Methodology for the Qualification 
of Explosives, Propellants and Pyrotechnics for 
Military Use. 
K. Beedham, Ministry of Defence, Ordnance Board, 
United Kingdom 15 

1.2 Explosives Testing at the Lawrence Livermore 
Laboratory — Philosophy and Practice. 
John W. Kury, Edward James, Brigitte M. Dobratz, 
Milton Finger, Leroy G. Green, Edward L. Lee, 
and Raymond R. McGuire, Lawrence Livermore 
Laboratory, USA 25 

1.3 The Safety and Hazard Philosophy for Acceptance 
of Gun and Rocket Propellants in the UK. 
K.N. Bascombe, R.M.H. Wyatt, Ministry of Defence, 
Explosive and Rocket Motor Establishment, United 
Kingdom 39 

1.4 General Principles Used at AWRE for Characterizing 
New HE Compositions. 
J. Johnston, Atomic Weapons Research Establishment, 
United Kingdom 59 

1.5 Australian Test Procedure for the Acceptance of 
Military Energetic Materials. 
J. Eadie, D.J. Plnson, Materials Research 
Laboratories» Australia 81 



» 
1.6 Explosiveness and Hazard Assessment. 

P.J. Hubbard, P.R. Lee, and B.G. Tialey, 
MRIC, Royal Armament Research and Development 
Establishment, United Kingdom 93 

1.7 Safety Requirements for Naval Armament Stores. 
E.S. Norton, Minstry of Defence, Procurement 
Executive Naval Ordnance Services, United 
Kingdom 105 

CHAIRMEN: B.Zeller, Socigte* Nationale des Poudres 
et Explosite, France, and K. Beedham, Ordanance 
Board, United Kingdom 

2.1 Army Standard Procedures for Qualification of 
Pyrotechnics. 
M. Nowak, ARRADCOM, USA 117 

2.2 ARRADCOM Procedure for Qualifying Propellent 
Formulations. 
R. Trask, C. Lenchitz, E. Costa, and L. Shulman, 
ARRADCOM. USA 159 

2.3 LASL Methods for Deriving Models for Predicting the 
Thermal Hazards and Useful Lifetimes of Explosives. 
R.N. Rogers, Los Alamos Scientific Laboratory, 
USA 173 

2.4 Development of a New Surveillance Test of Gun 
Propellant Stability. 
R.D. Suart, E. Ahad and G. Perrault, Defence 
Research Establishment Valcartier, Canada 179 

2.5 An Improved Stability Test for Nitrocellulose 
Gun Propellant». 
Maurlcette Rat, Jean Mayet and Bernard Zeller, 
Socle11< Nationale des Poudres et Exploslfs, 
France 199 

2.6 Accelerated Aging of a Composite Explosive. 
R.R. Lavertu, M. Beaard, G. Perrault and M. Tremblay, 
Defense Research Establishment Valcartier, Canada    223 

2.7 Determination of Kinetic Data by the Thermal Step 
Test (TST). 
J.J. Jansvoude and H.J. Pasman, Technological 
Laboratory TNO, The Netherlands 249 

vl 



* 

r 
2.8 A Study of the Thermal Initiation, Cookoff, of 

M30 Propeilant. 
Robert W. Wires and Joseph J. Pocchio, US Army 
Ballistic Research Laboratory, ARRADCOM, USA 

CHAIRMEN: J. Kury, Lawrence Livermore Laboratory, USA 
and L. Avrami, ARRADCOM, USA 

3.1 Test Methods for Assessing the Thermal Instability 
of Hazardous Materials. 
Eugene S. Domalski, National Bureau of Standards, 
USA 

267 

3.2 Criteria for Thermal Effects of Burning Ammunition 
and Explosives. 
R.A. Scott, Jr., Department of Defense Explosives 
Safety Board, USA 319 

3.3 An Improved Electrostatic Sensitivity Apparatus and 
Test Procedure for Characterizing Energetic 
Materials. 
Maurice S. Kirshenbaum, ARRADCOM, USA 329 

3.4 A Rotary Friction Sensitiveness Test for 
Explosives. 
J.F. Sumner, MOD, PERME, United Kingdom 

3.5 A Fundamental Approach Toward an Improved 
Standard Friction Sensitivity Test. 
M.Y. De Wolf Lanzerottl, ARRADCOM, USA 

3.6 On the Problem of Evaluating the Safety of an 
Explosive. 
Louis C. Smith, Los Alamos Scientific Laboratory, 
USA 

351 

363 

397 

3.7 A Critique for Drop Weight Impact Testing. 
Karl R. Becker and Richard W. Watson, Bureau of 
Mines, USA 415 

3.8 A Laboratory Scale Explosiveness Test. 
G.D. Coley, MOD (PE) AWRE, United Kingdom 431 

3.9 The Effect of Grit on the Powder Impact 
Sensitivity of Explosives. 
P.E. Hall and G.D. Coley, Atomic Weapons Research 
Establishment, United Kingdom 457 

J 
O vll 



1 ■» 

I 
4 CHAIRMEN: W. Schmacker, BWB, Federal Republic of 

Germany and H.J. Pasmanv Technological Laboratory TNO, 
The Netherlands. 

4.1 Mode of Ignition in the Picatinny Arsenal Activator 
(Artillery Setback Simulator). 
Boyd C. Taylor and Lewis ri. Ervin, US Army 
Ballistic Research Laboratory, USA 481 

4.2 The Sensitiveness of High Explosives to 
Impulsive Loads. 
P.J. Hubbard, P.R. Lee, and D.G. Tisley, Royal 
Armament Research and Development Establishment, 
United Kingdom 495 

4.3 Method Used to Assess Sensitivity to DDT of Shell 
Fills. 
Donna Price and Richard R. Berneck»r, Naval Surface 
Weapons Center, USA 509 

4.4 A New Technique for Determining the Shock Initiation 
Sensitivity of Explosives. 
Alfred C. Schwarz, Sandia Laboratories, USA 527 

4.5 Sensitivity of High Explosives to Shock Stimulation: 
Tests and Qaulification Criteria. 
Peter Langen, Bundesinstitut für chemisch- 
technische, Federal Republic of Germany 551 

4.6 Considerations for Qualification of Booster 
Explosives. 
H. Bartels, Bundesinstitut für chemisch- 
technische, Federal Republic of Germany 567 

4.7 Development of a Fragment Velocity Test of 
Detonator Output. 
U.E. Voreck, ARRADCOM, USA 589 

Distribution List 611 

vlii 



r 

g 
ATTENDEES 

Conference on the Standardization 
of Safety and Performance Tests 

for Energetic Materials 

US Army Armament Research 
and Development Command 

21 - 23 June 1977 

ACKERLY, John 
Hercules Inc. 
Kenvil, NJ 07847 

AKST, Irv 
Idos Corporation 
P.O. Box 285 
Pampa, TX 79065 

ALLEY, Bernard J. 
US Army MisJlie Research 
and Development Command 
DRDMI-TKC 
Redstone Arsenal, AL 35809 

ALSTER, Jack Dr. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

ANDERSON, D. Dr. 
Sandia Laboratories 
Albuquerque, NM 87115 

AVRAMI, Louis 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

BARNHARD, Philip 
Trojan Division 
IMC Chemical Group 
P.O. Box 310 
Spanish Fork, UT 84660 

BARTELS, Harald Dr. 
Bundesinatitut fur chemisch- 
technische 
Untersuchungen (BICT) 
5357 Swisttaal - Heimerzheim 
P.O. Box 7260 5300 Bonn 7 
West Germany 

BECKER, Karl R. 
Bureau of Mines 
4800 Forbes Avenue 
Pittsburgh, PA 15213 

BEEDHAM, K. 
Ministry of Defence 
Ordnance Board 
Charles Houpe, London 
England 

BENNETT, J.E. 
Mound Laboratory 
Monsanto Research Corporation 
Miamisburg, OH 45342 

BERNECKER, Richard R. Dr. 
US Naval Surface Weapons Center 
White Oak 
Silver Spring, MD 20910 

BOXER, Theodore 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

O 

* * 



BOYARS, Carl Dr. 
The Aerospace Corporation 
Suite 4040 
955 L'Enfant Plaza, SW 
Washington, DC 20024 

1 
CHANG, W.S. Dr. 
Bureau of Explosives 
Association of American Railroads 
Raritan Center, Bldg. 812 
Edison, NJ 08817 

BREDE, Uwe COLEY, Graham Douglas Dr. 
Dynamit Nobel Aktiengesell- MOD(PE), AWRE 
schaft Reading 
ES-Munition Berkshire 
Kronacher s t r. 63 England 
8510 FUrth i.Bc 
West Germany C0LUCC1, Rocco 

US Army Armament Research 
BRESLOW, Art and Development Command 
Allied Chemical Automotive DRDAR-LCU 

? Products Di/ision Dover, NJ 07801 
Newhall, CA 91321 

BRINKMAN, J.R. 
Mound Laboratory 
Monsanto Research Corporation 
Miamisburg, OH 45342 

BROWN, John A. Dr. 
John Brown As >ociates 
Berkeley Heights, NJ 07922 

BUHMAN, Dennis R. 
Hughes Aircraft Company 
Canoga Park, CA 91305 

BUSCHMANN, John 
Hercules Inc. 
Kenvil, NJ 07847 

CANADA, Chaster 
Mason & Hanger - Silas 
Mason Company 
Manufacturing & Engineering 
Division 
Amarillo, IX 79177 

CAPELLOS, Christos Dr. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

COX, Fred W. Jr. 
Atlas Powder Company 
A las Research & Development Lab 
P.O. Box 251 
Tamaqua, PA 18252 

DALE, C.B. 
Naval Ordnance Station 
Indian Head, MD 20640 

DARLING, J.A. 
Manager, Canadian Explosives 
Research Laboratory 
555 Booth Street 
Ottawa, Canada 
K1A OG1 

DAUGHERTY, E.A. 
Naval S^a Systems Command 
Washington, DC 20362 

DAVEY, Charles T. 
The Franklin Institute 
20th Street and Parkway 
Philadelphia, PA 19103 

) 



■<, DEHN, James T. 
Ballistic Research Laboratory 
USA, ARRADCOM 
DRDAR-BLS 
Aberdeen Proving Ground. MD 
21010 

DELLMEIER, Alex Dr. 
Bundesamt für Wehrtechnik 
and Beschaffung (BWB-WM13) 
Federal Office for Military 
Technology and Procurement 
(Central Ammo Control) 
West Germany 

DEMBERG, Edmund 
US Army Armament Research 
and Development Command 
DRDAR-LCU-EE 
Dover, NJ 07801 

DEXTER, Robert F. 
Bureau of Alcohol, Tobacco 
and Firearms 
12th and Penna. Ave, N.W. 
Federal Bldg. RM 8233 
Washington, DC 20226 

DOMALSKI, E.S. Dr. 
National Bureau of Standards 
Washington, DC 20234 

DSOUZA, Gerald S. 
E.I. du Pont de Nemours 6 Co. 
Polymer Intermediates Dept. 
Pompton Lakes Development Lab 
Pompton Lakes, NJ 07442 

ELLINGTON, Donald G. 
US Army Armament Research 
and Development Command 
DRDAR-LCU-E 
Dover, NJ 07801 

ELLISON, Daniel 
Naval Weapons Support Center 
Code 3031 
Crane, IN 47522 

FLOYD, Thomas G. 
Air Force Armament Development 
and Test Center 
DLDE 
Eglin Air Force Base, FL 32542 

FREEDMAN, Eli Dr. 
Ballistic Research Laboratory 
USA, ARRADCOM 
Aberdeen Proving Ground, MD 21005 

FREY, Robert B. Dr. 
Ballistic Research Laboratory 
USA, ARRADCOM 
Aberdeen Proving Ground, MD 21005 

GERRI, Norman J. 
Ballistic Research Laboratory 
Propulsion Division 
USA, ARRADCOM 
Aberdeen Proving Ground, MD 21005 

GILLIS, R. Dr. 
Australian Embassy 
1601 Massachusetts Ave, N.W. 
Washington, DC 20036 

ELKINS. Larry 0. Dr. 
Air Force Armament Development 
and Test Center 
DLDE 
Eglin Air Force Base, FL 
32542 

GOLIGER, J. 
S. N. P. E. 
French Co. of Pourdes and Expls. 
Centre de Recherches du Bouchet 
91710 - VERT LE PETIT 
France 

xi 

i2£_ 



GREEN, LeRoy G. 
Lawrence Livermore Laboratory 
P.O. Box 8C8 
Livermore, CA 94550 

GRAYBUSH, Richard 
US Army Armament Research 
and Development Command 
DRDAR-LCM 
Dover, NJ 07801 

GROESSLER, P. 
Messerschmitt-Bölkow-Blohm 
GMBH (MBB) 
Postabholfach/Hagenauer Forst 
D-8898 Schrobenhausen 
West Germany 

HERSHK0W1TZ, Joseph 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

HILDEBRANT, Floyd 
US Army Armament Research 
and Development Command 
DRDAR-LCR 
Dover, NJ 07801 

HIRATA, T. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

.JLL 

GRYTING, H. Dr. 
Naval Weapons Center 
China Lake, CA 93555 

GULTZ, H. 
US Army Armament Research 
and Development Command 
DRDAR-QA 
Dnver, NJ 07801 

HABERSAT, James D. 
Naval Ordnance Station 
Engineering Department 
Surface and Underwater 
Weapons Division 
Indian Head, MD 20640 

HARTON, Erskine 
Office of Hazardous Materials 
Operations (MTH-11) 
Materials Transportation 
Bureau 
Department of Transportation 
Washington, DC 20590 

HERMAN, Robert C. 
Defense Explosives Safety Board 
Office Sec. of Defense 
Washington, DC 20314 

HUDSON, Melvin C. 
Naval Ordnance Station 
Safety Department 
Indian Head, MD 20640 

IZOD, D.C.A. Dr. 
British Embassy 
JiOO Massachusetts Avenue 
Washington, DC 20008 

JENTSCH, Alexander 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

JOHANSEN, Wollert 
Dyno Industrier A/S, 
Gullaug Fabrikker 
R et D Department 
3001 Drammen 
Norway 

JONES, Robert B. 
Mound Laboratory 
Monsanto Research Corporation 
Miamisburg, OH 45342 

1 

xii ) 



JOYNER, Taylor B. Dr. 
Naval Weapons Center 
China Lake, CA 93555 

JUNK, Norman M. 
Atlas Powder Company 
Atlas Research and 
Development Laboratory 
P.O. Box 251 
Tamaqua, PA 18252 

KASSEL, Charles 
French Atomic Energy 
Commission 
C.E.A.-Etablissement T 
Bclte Postale 7 
93270 Sevran 
France 

KATZ, Daniel 
US Army Armament Research 
and Development Command 
DRDAR-LCU 
Dover, NJ 07801 

KAYE, Seymour M. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

KENYON, Peter B., COL 
US Army Armament Reaearch 
and Development Command 
DRDAR-LC 
Dover, NJ 07801 

KHWAJA, Alfred Dr. 
US Army Armament Materiel 
Readinesn Command 
DRSAR-DCWC 
Rock Island, IL 61201 

KING, Allan W. 
Queen's University 
Explosive Research Group 
Department of Mining 
Engineering 
Kingston, Ontario 
Canada 

KING, Paul 

1000 E. Beach Street 
Long Beach, MS 39560 

KIRSHENBAUM, Maurice S. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

KNAPP, Charles 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

KURY, John W. Dr. 
Lawrence Livermore Laboratory 
P.O. Box 808 - L401 
Livermore, CA 94550 

LANGEN, Peter Dr. 
Bundesinstitut für chemisch- 
technische 
Untersuchungen (BICT) 
5357 Swisttal-Helmerzheim 
P.O. Box 7260 5300 Bonn 7 
West Germany 

LANGENKAMP, Quinn V. 
US Army Armament Research 
and Development Command 
DRDAR-SF 
Dover, NJ 07801 

LANZEROTTI, M.Y.D. Dr. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

O xiil 



r 

LASCHER, F. 
AVCO Corporation 
Willington, MA 01887 

LAVERTU, Roger R. 
Defence Research Establishment 
Valcartier 
P.O. Box 880 
Courcelette, Quebec 
Canada GOA IRO 

LEBOUCHER, Jean-Claude 
French Atomic Energy 
Commission 
C.E.A.-Etablissement T 
Botte Postale 7 
93270 Sevran 
France 

LEES, Ronald D. 
Hercules Inc. 
Howard Blvd. 
Kenvil, NJ 07847 

LENCHITZ, Charles 
US Army Armament Research 
and Development Command 
1COAR-LCE 
Dover, NJ 07801 

LENNERTZ, Guido 
Government of West Germany 
Federal Office of Military 
Technology and Procurement 
Konrad-Adenauer Ufer 2-6 
Koblenz 
West Germany S4oo 

LEVY, Marvin E. 
Frankford Arsenal 
Bridge-Tacony Streets 
Philadelphia, PA 19137 

LEWIS, Bennett L., MG 
Commander 
US Army Armament Research 
and Development Command 
DRDAR 
Dover, NJ 07801 

LISTH, Ola 
National Defence Research 
Institute 
Dept. 2, Section 246 
P.O. Box 416 
S-17204 Sundbyberg 
Sweden 

MATSUGUMA, Harold J. Dr. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

MC BRIDE, William 
US Naval Weapons Station 
Code 50 
Yorktown, VA 23691 

MC CAHILL, James 
US Army Armament Research 
and Development Command 
DRDAR-SF 
Dover, NJ 07801 

MITCHELL, Stephen 
Naval Ordnance Station 
Code 5251 
Indian Head, MD 20640 

MOORE, Donald B. 
Explosive Technology 
P.O. Box KK 
Falrfield, CA 94533 

MOORE, William 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

NOWAK, Matthew 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

1 

) 

xlv 

■tv 



p 

V" OWENS, Frank Dr. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

PASMAN, H.J, Dr. 
Technological Laboratory TNO 
P.O. Box 45 
Ryswyk-2100 
The Netherlands 

PATRICK, Wayne 
Mason & Hanger - Silas 
Mason Company 
Development Division 
Middletown, IA 52638 

PENNER, Horst Dr. 
Dynamit Nobel Aktiengesell- 
schaft 
ES-Munition 
Kronacherstrasse 63 
8510 Fürth i.B. 
West Germany 

POLLOCK, Bernard D. Dr. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

P0P0LAT0, A. 
Los Alamos Scientific Lab 
P.O. Box 1663 
Los Alamos, NM 87544 

PRICE, Donna Dr. 
Naval Surface Weapons Center 
White Oak (WR-10) 
Silver Spring, MD 20910 

REEVES, Harry 
Ballistic Research Laboratory 
USA, ARRADCOM 
Aberdeen Proving Ground, MD 
21005 

REYNOLDS, J. 
US Army Armament Research 
and Development Command 
DRDAR-QAK 
Dover, NJ 07801 

RICHTER, Tiliman Dr. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

RIZZO, Harry F. Dr. 
Lawrence Livermore Laboratory 
P.O. Box 808 
Livermore, CA 94550 

ROETfl, Herman 
FRG ARRADCOM Liaison Officer 
US Army Armament Research 
and Development Command 
Dover, NJ 07801 

ROGERS, R.N. Dr. 
University of California 
Los Alamos Scientific Laboratory 
P.O. Box 1663 
Los Alamos, NM 87544 

ROSENWASSER, Hyman Dr. 
Naval Air Systems Command 
AIR-310C 
Department of the Navy 
Washington, DC 20361 

ROTHSTEIN, L.R. Dr. 
Naval Weapons Station 
Yorktown, VA 23491 

SALOKY, Ball 
US Army Armament Research 
and Development Command 
DRDAR-SF 
Dover, NJ 07801 

O xv 



SANDERS, Richard H. 
E.I. de Pont de Nemours & Co. 
Polymer Intermediates Dept. 
Pompton Lakes Development Lab 
Pompton Lakes, NJ 07442 

SHAW, Richard 
Canadian Industries Ltd. 
Explosives Research Laboratory 
McMasterville, Quebec 
Canada 

SANDUS, Oscar Dr. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

SCHAEFER, W.E. 
E.I. du Pont de Nemours & Co. 
P.O. Box 761 
Martinsburg, West VA 25401 

SCHMACKER, Wllaelm Dr. 
Bundesamt für Wehrtechnik 
und Beschaffung 
Ref 'M  IV 2 
Konrad-Adenauer-Ufer 2-6 
54 Koblenz 
West Germany 

SCHWARZ, Alfred C. 
Sandla Laboratories 
2513 
Albuquerque, NM 87115 

SCOTT, Ralph A. Jr. 
Department of Defense 
Explosives Safety Board 
Washington, DC 20314 

SEEGER, Donald 
US Army Armament Research 
and Development Command 
DRDAR-LC 
Dover, NJ 07801 

SHARMA, Jagadish Dr. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

SHULMAN, L. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

SKOGMAN, Mark W. 
US Army Armament Research 
and Development Command 
DRDAR-SF 
Dover, NJ 07801 

SLAPE, Robert 
Mason & Hanger - Silas Mason Co. 
Development Division 
P.O. Box 647 
Amarillo, TX 79177 

SMETANA, Andrew 
US Army Armament Research 
and Development Command 
DRDAR-QA 
Dover, NJ 07801 

SMITH, Louis C.Dr. 
Los Alamos Scientific Laboratory 
Group WX-2, MS920 
P.O. Box 1663 
Los Alamos, NM 87545 

STONE, J-mes M. 
E.I. du Pont de Nemours & Co. 
Polymer Intermediates Dept. 
Pompton Lakes Development Lab 
Pompton Lakes, NJ 07442 

SUART, Robert D. Dr. 
Defence Research Establishment 
Valcartier 
P.O. Box 880 
Courcelette, Quebec 
Canada GOA IR0 

) 

xvi 
") 



Vs-. TARVER, Craig M. 
Lawrence Livermore Laboratory 
Organic Materials Div - L402 
P.O. Box 808 
Livermore, CA 94550 

VITALI, Richard 
Ballistic Research Laboratory 
USA, ARRADCOM 
Aberdeen Proving Ground, MD 
21005 

TAYLOR, Boyd C. 
Ballistic Research Laboratory 
Explosive Effects Branch 
Warhead Mechanics Division 
DRDAR-BLW 
USA, ARRADCOM 
Aberdeen Proving Ground, MD 
21005 

TAYLOR, Wayne 
Munition & Weapons Branch 
Materiel Test Directorate 
Yuma Proving Ground 
Yuma, AR 85364 

THOMPSON, Ramie H. 
The Franklin Institute 
20th Street and Parkway 
Philadelphia, PA 19103 

TISLEY, D.G. Dr. 
Royal Armament Research 
and Development Establishment 
Fort Halstead 
Sevenoaks, Kent 
England 

TRASK, R. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 078C1 

TYROLER, Jesse 7. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

V0IGHT, H.W. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

V0IT0VICH, Alexander I. 
7 Martin Lane 
Morristown, NJ 07960 

V0RECK, Wallace E. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

VREATT, Wayne 
Naval Ordnance Station 
Indian Head, MD 20640 

WALDMAN, Benjamin V. 
US Army Armament Research 
and Development Command 
DRDAR-SF 
Dover, NJ 07801 

WALKER, Reymond F. Dr. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

WALTERS, James 0. 
US Army Materiel Development and 
Readiness Command 
DRCSF-E 
5001 Elsenhower Avenue 
Alexandria, VA 22333 

O xvll 



*fc;:--:- 

WATSON, Richard W. 
US Bureau of Mines 
4800 Forbes Avenue 
Pittsburgh, PA 15213 

WERBEL, Burton Dr. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

ZELLER, Bernard Dr. 
Societe Nationale des Poudres 
Et Explosife 
Centre de Recherches du 
Bouchet 
91710 Vert-le-Petit 
France 

WHITMAN, Robert P. 
Naval Sea Systems Command 
SEA 662E-26 
Washington, DC 20362 

WIEGAND, Donald A. Dr. 
US Army Armament Research 
and Development Command 
DRDAR-LCE 
Dover, NJ 07801 

WILLIS, F.M. 
E.I. du Pont de Nemours 
& Company 
P.O. Box 761 
Martinsburg, West VA 25401 

WIRES, Robert A. 
Ballistic Research Laboratory 
Propulsion Division 
USA, ARRADCOM 
Aberdeen Proving Ground, MD 
21005 

WYATT, R.M.H. Dr. 
MOD(PE), United Kingdom 
PERME 
Waltham Abbey 
Essex 
England 

) 

ZEIGLER, Hays 
Hercules Inc. 
Kenvll, NJ 07847 

xvili ) 



*.*.' 

CONFERENCE ON THE STANDARDIZATION OF SAFETY 
AND PERFORMANCE TESTS FOR ENERGETIC MATERIALS 

INTRODUCTION 

by 

Dr. R.F. Walker 
General Chairman 

Chief, Energetic Materials Division 
Large Caliber Weapon Systems Laboratory 

US Army Armament Research and Development Command 
Dover, New Jersey 07801 

O 



INTRODUCTION 

As the individual who perhaps had more to do with the concept 
of this Conference than anyone else, I feel it is incumbent on me to 
explain what led up to the concept, what is the objective and what 
our plan is for the conduct of the Conference.  Let me deal with the 
last two of these Issues first. I will then discuss the events that 
led up to the occasion and, in doing so, provide an introduction to 
some current local perspectives on the Conference topic. 

Simply stated our objective (Fig 1) is to examine the basis on 
which we might standardize the tests and criteria that determine the 
acceptability of energetic materials for military use. Many of the 
tests and criteria will parallel, if not replicate, those used by 
private industry for mining and civil engineering explosives (Ref 1) 
In this respect, it is well to remember that military requirements, 
vast though they appear in the Public image, are but a drop in the 
bucket of the industrial production capacity for civil explosives. 
And it is for these reasons that we have invited representatives 
of the civil industry to participate in our discussions. It is 
unfortunate that we are unable to welcome here Dr. Per Anders 
Persson from Sweden, who is President of the old European Commission 
for the Standardization of Tests for Explosives, now known as EXTEST. 
He has asked me to draw your attention to the existence of this 
group and to the recent description of its activities that has been 
given in the referenced issue of "Propellants and Explosives" (Ref 
1). We are able to welcome one representative of EXTEST, namely Dr. 
Richard Watson from the U.S. Bureau of Mines; and representatives 
from the Office of Hazardous Materials of the U.S. Department of 
Transportation. Of one thing we may be sure, sooner or later the 
Department of Transportation prerogatives overlap and often con- 
strain those of the military, and the continuing debt of the mili- 
tary to the contributions of the civilian industry (including the 
U.S. Bureau of Mines) date back to the time of Nobel. 

We have planned this as a working conference, with the purpose 
of arriving at some executive decisions which can be used as appro- 
priate for future concerted action. For this reason it has been 
necessary to limit the scope of the conference and to place even 
greater constraints on detailed technical discussions. We propose 
(Fig 2) during the first day to review the methodology and docu- 
mentation currently used In the qualification of energetic materials. 
Later today and tomorrow we plan to review quite hurriedly some of 
the in-going R & D to provide improved tests and criteria. These 
reviews are by no means exhaustive, and we regret that in our 
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selection process we have had to reject or consolidate many excellent 
offerings whose inclusion would deflect us from our purpose. Some 
of the items that cannot be available as formal presentations will 
be included in the Proceedings. At this point 1 should also add 
that we have specifically excluded from consideration the topic of 
standard samples and substances. Important though this subject is, 
it has been considered a secondary issue within the framework of our 
immediate objective. 

Our plan during the first two days is to provide just so much 
of an overview as to lend perspective to the last day's activities, 
which we hope will be the high-light of the Conference.  On that 
morning we plan to divide you up into Discussion Groups in accord- 
ance with your interests or expertise, and as identified by colored 
stripes on your badges (Fig 3). These groups will meat in separate 
Conference Rooms on Thursday morning at locations to be announced. 

We will pre-select facilitators and chairmen for these groups; 
the former will assure that each group has the necessary room, 
equipment, and guidance to conduct its discussion. The facilitators 
will also serve as guides for those who for security or other reasons 
need assistance in arriving at the correct location. 

It is our desire that these morning sessions will be brain- 
storming sessions devoted not to what is being done, but what should 
or, more importantly, can be done to produce Improved methodologies, 
tests and criteria. The approach to be used must be left to the 
Chairmen; however, each group must also have a secretary or re- 
corder, because in the afternoon we plan that the groups will re- 
assemble here and that Chairmen will present a synopsis of the 
Group's conclusions which we can Include in the Proceedings along 
with coBiments from the audience. I urge you to get in touch with 
your Chairmen and Facilitators to indulge in as much planning as 
appears appropriate. 

Now let me turn to the events which In my mind at least led up 
to the idei> of holding this conference. Several years ago the U.S. 
Department of Defense was faced with a serious shortage of its basic 
high explosive?, and In a time of emergency it turned hurriedly to 
its in-house laboratories and to private industry for ideas for sub- 
stitute formulations to supplement the materials in short supply. 
Among others, private industry was frustrated in Its attempts to 
gain acceptance of its offerings because of the diffuse and Ill- 
prescribed criteria to be used in their selection. The actual tests 
Involved were scattered throughout the literature or existed In the 
recent memories of in-house experts and had never been collected 
Into an agreed compilation for routine or occasional use. 
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In response to this deficiency the three U.S. Services jointly 
agreed to subscribe to a compilation that was already in preparation 
by the U.S. Navy and which with minor adaptations was acceptable to 
the Army and Air Force. In 1972 this limited document was approved 
for use by the Joint Logistics Commanders and responsibility for 
the oversight of the procedures was assigned to individual service 
authorities. Despite numerous deficiencies this document (Ref 2) 
has proved to be highly effective during the last five years in 
evaluating the merit9 of the formulations proposed for military 
use, and in assuring that the formulations meet the minimum stand- 
ards for military acceptability in the present economic and politi- 
cal climate. By way of introduction let me describe some of the 
p' ilosophy which has guided the preparation and use of the procedures. 

It is possible to distinguish several phases in the process by 
which energetic materials are evaluated first as isolated materials 
and subsequently as integral components of systems that have been 
designated for field use and proven as reliable products in the 
military stockpile (Fig 4). The key thought I would interject at 
this point is that materials are not formulated and fabricated in a 
vacuum; that something more than a vague idea of the intended 
application of the material is required before formulation and 
tasting can be intelligently commenced. 

In fact in today's world, from the moment the formulation work 
begins an iterative process should be triggered by which a number 
of issues are assessed at each step of the overall qualification - 
acceptance debate. In Figure 5 I list these issues as we see them 
during the first or interim qualification ph'ise. Some or all of 
those issues have to be addressed during each of the steps outlined 
in Figure 4.  In Figure 6 I have indicated some that relate to 
Final Qualification. 

1 

) 

What our Joint Service» Manual has attempted to do is to bring 
together those tests and criteria that relate to the interim and 
final qualification of HE which have previously been scattered 
throughout the literature, or in the minds of individuals. The 
manual is a very imperfect document in Its technical completeness, 
editorial consistency, and the definitive value of the tests and 
criteria on hand. For this reason alone, it is part of a method- 
ology which continues to place reliance on the judgement of commit- 
tees of experts, and by its very deficiencies provides a rational 
basis for Including in our technology-based R and D program, activi- 
ties to provide new or improved tests and criteria. 
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The economic and political pressures which precipitated the 
development of the foregoing rationale for HE qualification in the 
USA argue also for the rationalization of all testing of energetic 
materials whether for military or civil applications, but particu- 
larly among members of the NATO Alliance.  In considering the 
implication of such a trend against the background of the defi- 
ciencies which already exist in the HE field the question must 
inevitably be raised: What is the most effective approach that we 
can adopt in each of the areas of high explosive, propellant and 
pyrotechnic materials; primers, igniters and initiators? 

When we consider the issues such as hazards and storability 
which are already common to each of the fields, and consider that 
current technical thrusts point strongly to a greater interpendence 
among the fields within the technology base (Fig 7),  the question 
must inevitably arise: To what extent can we reduce the deficiencies 
that relate to the whole technology base at the same time as we 
refine those that relate to HE alone? 

) 

The question is difficult to answer and not one that can be 
treated within the confines of narrow commodity interests.  It is 
for this reason that we have endeavored to encourage broad-based 
participation at this Conference. Some of the potential advantages 
to be gained by standardization both between commodities and among 
nations are listed in my final figure (Fig 8). Your concents and 
suggestions will be most welcome both with respect to the appro- 
priateness of the concept, the institutional mechanisms by which 
such a goal could be realized» and the new or improved tests that 
are required to make the international, interservice adoption of 
reliable tests a living reality. 
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ABSTRACT 

The philosophy, methodology and documentation employed in UK 
for the assessment of safety of energetic materials for military use 
are reviewed.  Ihe procedure is described in Annex A to Ordnance 
Board proceeding 41779 dated 15.2.77, and is common to the three UK 
Armed Services. 

The procedure involves: 

a. Selection, from a comprehensive list, of an agreed minimum 
schedule of tests to be performed on the material, both in powder 
and in charge form. The tests are designed to provide information 
on the response of the material to the conditions it could encounter 
during the manufacture, processing, filling, storage, operational 
use, and disposal, and 

b. Assessment of the test results. Assessment does not in- 
volve rigid pass/fail acceptance criteria, but rather judgements 
based on comparison of the response in a variety of safety tests to 
that of energetic materials with proven service experience in simi- 
lar roles. 

It is intended to submit the UK procedure to NATO in the near 
future as a basis for a STANAG, and all steps towards International 
Standardisation are welcomed. 

O 

SUMMARY 

The procedure which has recently been adopted on a tri-service 
basis in the UK for assessing the safety and suitability of a new 
explosive for service is reviewed. The use of a safety questionnaire 
to identify an agreed minimum schedule of tests to be performed on 
the material is described and the philosophy of the assessment of 
the results is outlined. 
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INTRODUCTION 

This paper deals primarily with the UK qualification procedures 
for the safety aspects of a new energetic material proposed for 
introduct'on into service. When a new high explosive, initiatory 
explosive, propellant or pyrotechnic is developed it is necessary 
not only to establish the performance parameters but also to examine 
those characteristics which could affect safety and ultimately its 
suitability in service. 

In the UK, tri-service agreement has recently been reached on 
a uniform procedure to be adopted for an assessment of the safety 
and suitability of a new explosive whenever one is proposed for 
introduction into service (Ref 1). This assessment is additional 
to those procedures which would normally already have been under- 
taken to establish the hazard classification of the explosive mate- 
rial itself and to devise appropriate techniques for manufacture, 
transport, storage and disposal although information on the charac- 
teristics of an explosive necessary for such a classification may 
also be relevant to its suitability for service in its intended 
application. 

Before describing the procedure it is useful to explain a 
number of terms used. 

Terms Used 

The term explosive is used to describe any energetic material 
and includes high explosives, propellents, initiatories and pyro- 
technics. 

The term "new explosive'8 is taken to encompass: 

a. A modification of an existing explosive which has been 
shown to cause a significant change in the result of a safety test. 

b. A new explosive of a type not hitherto in service. 

c. A major change in application of an existing explosive. 

The term "suitable for service" means that the material will 
not be unacceptably degraded by the service environment throughout 
the agreed service life. 

The term "sensitiveness" refers to the ease of ignition or 
initiation of the explosive by prescribed types of stimuli represent- 
ative of accidents. 
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r The term "exploslveness" refers to the damaging capacity of the 
resulting explosive event after ignition or initiation of the explo- 
sive by prescribed types of stimuli representative of accidents. 

PROCEDURE 

When a new explosive is proposed for use in the UK, the propos- 
ing authority and the Ordnance Board together with their specialist 
advisers first agree on the minimum requirements for determination 
of the characteristics of the material on which an assessment of its 
safety and suitability £V- service can be made. 

A safety questionnaire ia used to identify those questions 
about the characteristics of a new explosive which are relevant to 
its nature and intended use. In  this respect the characteristics of 
the explosive both in its normal filled condition and after possible 
degradation due to the service environment are important and would 
be considered. 

Ideally the procedure should be completed before a decision is 
made to specify the material in a weapon design. 

SAFETY QUESTIONNAIRE 

The general characteristics of the new explosive are identified 
as indicated in Table 1. Certain questions relating to the physical 
and chemical properties are also posed in order to anticipate problems 
of long term physical or chemical stability. 

Questions concerned with the thermal and electrical safety 
characteristics are listed in Table 2 and standard tests which are 
In use in the UK to provide experimental data of the response of 
explosives to thermal stimuli are indicated. Most of these tests 
are described in a Manual of Hazard Tests (Ref 2) and are divided 
into those carried out on small samples or samples in powder form 
and those carried out on charges since the hazards associated with 
explosive charges cannot yet be predicted with confidence from the 
results of small scale tests. 

Questions relating to the sensitiveness and exploslveness char- 
acteristics when subjected to mechanical stimuli are shown in Table 
3. Again the standard tests In use in the UK are indicated (Ref 2) 
an4 appropriate tests in powder and/or charge form are selected to 
answer the relevant questions depending on the type and role of the 
explosive. The physical properties of a charge can be an important 
factor in determining the response of an explosive to mechanical 
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stimuli and where these vary widely with temperature this is taken 
into account when establishing the safety characteristics.  Normally 
tests on initiatory or pyrotechnic compositions ate restricted to 
those on powder samples since this is usually considered to be the 
most hazardous condition and is considered also to be a guide to the 
ease of response in the filled (e.g. pressed) state. This is not 
always so for secondary explosives and it could be that under certain 
conditions it is not a valid assumption for initiatory and pyro- 
technic compositions. 

A general point can be made about the tests shown in Tables 2 
and 3. The tests listed are not mandatory or exclusive and evidence 
from other sources or from new tests is accepted provided comparison 
can be made with the response of standard service composition of a 
similar type.  It is also recognised that in some instances test 
methods do not exist or have not yet been developed in a standard 
form for providing direct experimental evidence in respect of answers 
to particular questions. Depending on the relevance or importance 
of the question in an overall hazard assessment the development of 
appropriate test methods would, it is hoped, be stimulated. 

ASSESSMENT 

The results of the agreed schedule of tests are considered and 
assessed by the Ordnance Board and their specialist advisers and 
formally reported to the proposing authority and the prospective 
service users together with recommendations on safety and suitability 
for service. Formal pass/fail criteria are not applied but judge- 
ment is made by comparison of the overall characteristics of the new 
explosive composition with those of explosives with known and prcven 
service experience ii similar applications. 

1 

If is emphasised that recommendation of a t.ew explosive as 
suitable for introduction into service does not imply acceptance in 
any weapon system application. The safety of a particular weapon 
system will need to be demonstrated by appropriate tests. However, 
prior information on the safety characteristics of an explosive in a 
system is valuable for anticipating possible problem areas to which 
special attention can be directed during design, development and in 
the safety trials of the weapon system. Thus where a new explosive 
has some characteristic rendering it unsuitable for recommendation 
for general application, it is» not thereby necessarily excluded from 
:cns'.deration for particular applications when It is shown that the 
undesirable feature can be satisfactorily overcome In the weapon 
system. 
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r CONCLUSIONS 

A national position has been established in the JK for the 
assessment of the safety and suitability of a new explosive for 
introduction into service. The procedure involved puts onto a form- 
al basis the effort required to establish the material and safety 
properties of a new explosive at the time when it is under considera- 
tion for serice use. The safety questionnaire offers a flexible 
approach to identifying the relevant questions and enabling suitable 
tests to be selected on which an assessment of the characteristics 
of the new explosive can be made. 

The UK authorities are very conscious of the need for inter- 
national standardisation in these matters and a draft NATO Stans<j, 
based on the UK procedure, is being prepared. In these days of col- 
laborative projects and interoperability of allied forces, the 
consequences of lack of standardisation can be unfortunate and very 
expensive. It is considered that the first aim should be to reach 
agreement on the relevant questions which need to be answered about 
a new explosive, depending on its nature and application, and the 
types of test which will provide the necessary evidence. Secondly, 
with interchange of information on the safety tests ta use inter- 
nationally it should further be possible to agree on the mutual 
acceptance of results from national versions of these types of test, 
finally, and perhaps ideally some further standardisation may be 
possible in the actual test methods (e.g. as has been the case with 
some charge safety tests of secondary explosives) especially where 
the tests are considered to provide evidence on questions partic- 
ularly relevant to the assessment of explosive hazard. 
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EXPLOSIVE TESTING AT THE LAWRENCE LIVERMORE LABORATORY - 

PHILOSOPHY AND PRACTICE 

John W. Kury, Edward James, Brlgitta M. Dobratz, Milton Finger, 
Leroy G. Green, Edward L. Lee, and Raymond R. HcGuire 

Lawrence Livermore Laboratory 
Llvermore, California 

ABSTRACT 

This paper discusses the evolution of explosives test- 
ing at the Lawrence Livermore Laboratory. The areas of 
performance, shock initiation, stability, mechanical 
properties and safety are addressed with emphasis on the 
standardization of tests. 

INTRODUCTION 

The Lawrence Livermore Laboratory (LLL) is a prime contractor of 
ERDA whose major mission is the design, testing and production engi- 
neering of nuclear weapons. High explosives are an important compo- 
nent of nuclear weapons, and LLL became active in this technology area 
around 1955. At that time a backlog of information had already been 
developed by the DoD and AEC for several TNT-based formulations, and 
data were just becoming available for HMX-containing plastic bonded 
explosives (PBX). 

The mission of the newly-formed explosives group «t Livermore was 
two-fold: first, to provide data on existing formulations and to 
assist in deciding which would best meet the requirements of a specific 
weapons system, and second, to search for new Improved explosive formu- 
lations. Explosive testing immediately became an important aspect of 
our program. Neither our mission nor the importance of testing has 
changed significantly in the last twenty years. Our approach, however, 
has. This paper discusses the evolution in approach and presents 
specific comments on testing in the areas of performance, shock initi- 
ation, stability, mechanical properties, and safety Including recommen- 
dations for standardization of tests. 
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I 
EVOLUTION OF EXPLOSIVE TESTING 

Progress has been made over the years In the understanding of an 
explosive's behavior strictly by empirical testing. Drop hammers1, 
gap tests2, sand tests3, and plate dent tests'* are a few examples of 
the many tests which provide relative data on explosives. The explo- 
sives community still relies very heavily on this type of screening 
test. The appeal lies not necessarily in the quality of the informa- 
tion generated but in the relatively low cost and the small amount of 
explosive used in such tests. Nevertheless, these tests are useful in 
that they can provide relative information on explosive properties. 
We use tests of this type to get a "feel" for a new material and to 
point the way for further testing. 

The development of high speed cameras, fast electronics and large 
computers has lead to an integrated calculationa)-experimental approach 
to explosives research. This involves formulating computer models, and 
verifying and calibrating these models through carefully chosen tests. 
In general, the tests require an amount of explosive intermediate be- 
tween that used in small-scale screening tests and an actual weapon 
proof test. The goal is that data from these tests will permit a quan- 
titative tradeoff of the various properties of candidate explosives 
thereby minimizing the number of proof tests required. These data 
should also provide insight on how to develop new improved formulations, 
The, rnxjoi payo^j (Aom itandaAdlzatLon ol tut piwczduJizM and data K<L- 
pofuUng MUM bl ]o>i tuts 0& thü type? ~~~ 

PERFORMANCE (ENERGY TRANSFER) TESTING 

Our initial approach to performance testing was strictly empirical 
starting with Trauzl block5 and sand tests. Formulations were chosen 
based on simple heat of explosion calculations - the larger the better. 
Boron hydride, aluminum, and fluorine-containing additives were all 
tested. Since weapon designers found it rather difficult to identify 
with "grams of sand crushed" we graduated to plate dent and both small- 
scale and large-scale plate push tests6. Hundreds of explosive formu- 
lations were tested, and the relative rankings were, in general, consis- 
tent with other performance test results. 

By this time, though, it had become clear that the key to under- 
standing an explosive's performance and exploiting this knowledge lie 
in obtaining a detonation product equation-of-state (tub) for use in 
hydrodynamic calculations. Thermo-hydro codes like BKW7, RUBY9, and 
now TIGER9, provided the necessary information, but even for standard 
explosives containing only hydrogen, carbon, nitrogen, and oxygen our 
absolute predictions of performance would be in error by ^22$. A 
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significant shift in elemental composition or the presence of other 
elements further degraded our ability to predict performance. This 
is still true today, and as a result we have had to rely on metal 
acceleration experiments to provide the data necessary to develop an 
equation-of-state for detonation products. 

In particular, we have concentrated on the cylinder test l0' u . 
This test not only provides an accurate indication of relative perform- 
ance, but also, when combined with detonation velocity and detonation 
pressure, provides the data necessary to calibrate the JWL equation-ef- 

This equation-of-state has proven to be very useful for weapon state 10 
12 design, and data are now available for most "ideal" explosives 

Multicomponent, "non-ideal" explosives, however, require a more 
complex description to model accurately the reactive flow that occurs. 
This description must include both temperature and time. Larger diam- 
eter cylinder tests13 and a recently-developed, underwater test13 can 
provide useful information, but much work still remains to be done to 
develop a model for the behavior of these explosives.  In particular, 
better tests are required for determining parameters such as temperature- 
time and pressure-time profiles in the detonation products. 

In summary, our current practice with new formulations is to use 
the small-scale plate dent test to verify detonability and then to do 
a cylinder test. The cylinder test can be instrumented to measure 
detonation velocity and detonation pressure.  If the explosive is "non- 
ideal", a larger diameter cylinder test and, possibly, an underwater 
test are carried out. These tests provide sufficient information on the 
explosive to permit useful warhead design calculations. 

Standard cylinder tests are currently being carried out at over 
half a dozen installations throughout the world with excellent repro- 
ducibility. A large data base already exists (over 500 experiments at 
Livermore alone). We recommend that this test be adopted as a standard 
and an effort be made to disseminate the detailed results that have 
been obtained to date. 

SHOCK INITIATION TESTING 

The shock initiation test most commonly used is the gap test. We 
have not emphasized this test at ILL. Rather, ou" approach has been to 
do tests with realistic mockups when investigating warhead initiation 
and to rely on more definitive tests when studying fundamental shock 
initiation phenomena. 
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We have used wedge tests11* for sustained pressure pulse studies 

and a 101-mm gas gun15for both sustained and thin pressure pulse 
studies. Recently we have concentrated on developing electrical flyer 
plate techniques" to determine shock initiation behavior of explosives. 
Diagnostics for the above tests include, streak cameras, shorting pin 
switches, piezoelectric probes, manganin and quartz pressure gages, 
laser interferometer systems, axially symetric magnetic probes, and an 
Image Converter Camera. 

Data from these tests were used to develop the P2x criterion for 
initiation17.  This relationship has proven very useful as a design 
engineering tool and for assessing the shock response of the explosive 
used in a warhead. We are now developing a phenomenological model for 
the shock initiation process (See Appendix A).  Initial results have 
been encouraging in that the major features of the experimental obser- 
vations are reproduced by the calculations. 

We feel that a standard shock initiation test would be very useful. 
The most promising appears to be one involving electrically-driven flyer 
plates. The test is one-dimensional and generates a well-defined pres- 
sure pulse which makes it practical to model.  In addition, it involves 
only a small amount of explosive which permits the testing of expensive 
or sensitive materials. We recommend that a standard version of this 
test be developed for use throughout the explosives community. (The 
test would not be suitable for composite explosives with extremely long 
reaction zones.) 

EXPLOSIVE STABILITY TESTING 

A knowledge of the thermal stability of an explosive, both alone 
and in contact with other materials, is important for the design, pro- 
duction and fielding of safe, useful warheads. Our initial approach to 
both thermal stability and compatibility testing involved the vacuum 
stability test"1.  The limitations of this test soon became apparent. 
For example, portions of the sample under test would distill from the 
hot zone and only the total amount of gas (not its composition) was 
measured. This, plus an awareness of the real complexity of the prob- 
lem, caused us to look for better tests. We have found the Kenkin test19, 
thermogravemetric analysis, differential scanning calorimetry and hot 
stage microscopy all to be useful thermal analytical tools. 

Currently, we aie usSity three uis!n tests to evsl' ft V*r  »»*»• "*-- * 

stability; a chemical reactivity test (CRT)20, differential thermal 
analysis (DTA) and a one-dimensional time to explosion test (ODTX)21. 
The chemical reactivity test (CRT) performs the same function as the 
vacuum thermal stability tests run at other laboratories. There are 

) 
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three significant improvements however: the hardware is stainless steel 
rather than glass, distillation from the hot zone is minimized, and the 
evolved gases are analyzed both qualitatively and quantitatively by gas 
chroma tography. Preliminary compatibility assessments are also made by 
testing mixtures of explosive with other materials of interest. 

Differential thermal analysis (DTA) is a standard technique that 
has found wide use in the explosives community. We run DTA's not only 
on the explosives themselves, but also on mixtures with materials 
involved in their processing and use, i.e., binders, mold releases, 
plastics, metals, etc. 

The one-dimensional time to explosion test (ODTX) is designed to 
measure time to explosion as a function of temperature under a precisely 
controlled set of thermal and physical boundary conditions. The results 
plotted as the logarithm of time to explosion versus reciprocal temper- 
ature generally give straight lines. The slope of the line along with 
the intercept can be used to predict critical temperatures for the 
explosive. The test differs from other time to explosion tests in 
that the geometry is one-dimensional and there is positive containment 
under pressure. Both spheres and slab configurations are currently 
being used. The gaseous decomposition products can be totally contained 
in the apparatus up to a maximum burst pressure of 1500 atmospheres. 

The above small-scale screening tests have produced useful results 
on a relative basis. However, they do not provide the data needed to 
assess the thermal response of actual warheads using heat transfer codes 
such as TRUMP22.  This is not surprising when ore considers that the 
thermal stability of an explosive is not a unique, precisely definable 
quantity.  It is a complicated combination of thermodynamics and kinetics 
which is system dependent. Moreover, the system must be defined in 
terms of previous thermal history, physical state of the sample, free 
volume, heating rates, pressure, containment, and the nature - both 
chemical and physical - of other materials in proximity to the sample. 
As a result the intermediate-scale tests we now use are mockups of 
actual weapon configurations. We follow these with full-scale weapon 
tests as required. 

In summary, we have three excellent small-scale screening tests - 
all of which are necessary. The CRT looks for instability by gas evo- 
lution; DTA looks for instability by heat evolution; and ODTX investi- 
gates the effect of confinement. Based on the results we have obtained 
with ODTX we recommend that a standard version of this small-scale 
test be developed. We are dubious that a meaningful intermediate-scale, 
non-weapon-specific test can be developed and, therefore, do not recom- 
mend standardization in this area of testing. 
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MECHANICAL TESTING 

Having detailed information on the mechanical properties of an 
explosive has become more important over the years. From the onset, 
TNT-based explosives were not considered structural materials so war- 
heads containing these explosives were designed accordingly. However, 
as stronger plastic-bonded explosives became available they could be 
used to help distribute the loads ihe warhead would see in service use. 
As a result, tests designed to measure stress-strain failure en slopes 
and creep properties were developed23 . 

More recently we have become aware of the importance that mechan- 
ical properties play in determining the safety of an explosive. As a 
result we are paying special attention to high-strain-rate testing and 
fracture characterization of explosives. A variety of tests is being 
used. They include universal testing machines21* (strai n rates (R) = 10"s 

to 10"1 per second), a cam-driven uniaxial tester25 (R ■ 10~2 to I02 

per second), a Hopkinson bar26 (R = 102 to 101* per second) and flying 
plates27 (R > 101* per second). Where possible, the degree and mode of 
fracture are measured by post-examination of the specimens. 

Models for describing the stress-strain, strain rate, and fracture 
behavior of explosive materials are in a very early stage of develop- 
ment. Work is required both on better test methods and more realistic 
models, however, before test standardization can be considered. 

SAFETY TESTING 

The three previous sections discussed testing of explosives sub- 
jected to a specific type of impulse. The physical and chemical phenom- 
ena involved have, in general, been identified. Progress is being made 
toward developing models which will permit more accurate tradeoffs bas- 
ed on a formulation's shock initiation behavior, thermal and chemical 
characteristics, and mechanical properties. 

All these areas are related to the safety of an explosive. Unfor- 
tunately, our efforts in these areas have not permitted an "accurate" 
assessment of safety for at 1 '.ast two reasons: there are an almost in- 
finite number of possible accident scenarios, and safety assessments 
involve decisions on the tail of a probability curve. 

As a result, the degree of hazard involved in working with a new 
explosive is determined from a series of empirical tests that have also 
been applied to common explosives for which we have extensive handling 
experience. Such tests usually examine thermal and chemical response 
as well as response to mechanical and shock stimuli. Since the response 
observed in a specific test depends ou  a combination of properties, a 
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variety of tests is used in an effort to avoid leaving out any one 
important element in the explosive's behavior. The tests really be- 
come a search for "traps" or unexpected behavior. 

We commonly use three tests of this type to assess new formulations. 
The small-scale drop hammer test is used to screen materials and place 
them in one of four broad categories: TNT-like, Comp B-like, PtTN-like, 
or nitroglycerine-like.  In spite of all the effort spent on drop hammers 
we feel this test will never be anything but a guide to laboratory han- 
dling practice. 

We use the Susan test28to evaluate the response of explosives to 
crushing impact. Results are reported either as relative energy release 
versus impact velocity or overpressure versus impact velocity. A 
detailed understanding of the test is required in order to interpret 
these results in terms of safety. For example, the ignition threshold 
for sensitive explosives is closely tied to their mechanical strength. 
A necessary but not sufficient condition for ignition in the Susan test 
is longitudinal case rupture. Case rupture velocity can vary from about 
29 m/s for a water-filled case to about **1 m/s for the strongest PBX. 
Thus, threshold velocities in this range are determined by the relative 
dynamic strength of an explosive, including its ability to undergo 
elongation without fracture. Also, since the size of an event is 
measured by overpressure gages, comparison between explosives requires 
that they be in similar geometries at the time of maximum reaction. 
Reaction details available from test film records are, therefore, re- 
quired in order to interpret the test results. 

We use the skid test29to evaluate plant handling characteristics 
of large bare charges (typically 0.28 m diameter hemispheres that weigh 
about 15 kg). Again it is our experience that inferring safccy, even 
on a relative basis, from this test requires considerable judgement. 
For example, threshold heights for impact on the standard sanded-steel 
surface are not necessarily the lowest heights at which reaction can 
occur. Some ceramic surfaces have been observed to produce even lower 
threshold heights. Also, a "no reaction" for a particular drop should 
be considered a "no test" if the billet is cracked or broken.  Impact 
on a more flexible target could produce substantial reaction.  In the 
same vein, large differences between \k°  impact angle results and kS° 
impact angle results are often due to the sample failing mechanically 
in the kS°  drops, particularly with explosives containing TNT 

Of the above tests, the only one that appears suitable for modeling 
is the skid test. This may also be true for a few other large-scale 
safety tests. However, these tests can cover only a limited number of 
accident scenarios. Standardization would certaintly increase the 
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useful data base, but the other safety tests would still have to be 
done to look for "traps" or for unexpected behavior.  It is not clear 
that this situation will change in the forseeable future. 

CONCLUSIONS AND RECOMMENDATIONS 

LLL has pursued an integrated calculational-experimental program 
of explosive research and development. Based on this program we recom- 
mend that three tests be considered for international standardization. 
They are the cylinder test for explosive performance, an electrical 
flyer plate test for shock initiation, and the one-dimensional time to 
explosion test (ODTX) for thermal stability. The cylinder test is 
already widely used and would not require modification. Both the elec- 
trical flyer plate test and ODTX are recent developments and could still 
be modified somewhat to facilitate standardization. 

In addition, we recommend that an increased effort be put into the 
compilation and dissemination of data on the properties of explosives. 
We recently began the second update of UCRL 51319"*° and would welcome 
comments and data. 
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APPENDIX A 

A NEW MODEL FOR SHOCK INITIATION 

A two-step reaction model has been developed to simulate shock 
initiation of detonation. The rate of energy release during initiation 
is taken as: 

df 
dt 

A(l-F) dlnV 
dt 

+ B(l F)M/ dlnV 
dt (0 

where F is the fraction rea_.ed, V is the specific volume, t is the 
time, p is the pressure and both A and B are rate constants. The area 

it i 
of the burning surface is approximately F (l-F) . The first term in 
equation (1) may be considered as expressing the effect of the shock 
upon the virgin explosive. A plausible postulate is that the shock 
creates damaged regions and ignites some of these regions as it passes. 

The factor ■■:■ ■ is a measure of the rate of compression. In a finite 

difference calculation, it is related to the artificial viscosity. Sub- 
sequent to the passage of the shock, the explosive burns at a rate pro- 
portional to the pressure and the area of the burning surface according 
to the second term. The exponent n will normally have a value near 
1.0 consistent with laminar burning. In addition to the pressure and 
composition effects, the second term is also assumed to be influenced 

by the shock strength expressed by / ■■. ■ as more ignited surface is 

produced as the shock strength is increased. 

The hydrodynamic model enables us to make calculational predictions 
for the shock initiation experiments mentioned earlier. Determining '.he 
coefficients in the rate law from a single set of experiments should 
then enable us to predict the other experimental observations and thus 
test the phenomenological model. Initial results have been very encour- 
aging in that the major features of the experimental observations are 
reproduced by the calculations. 
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t Abstract 

In this paper an attempt is made to discuss in more detail for 
propellants the hazard appraisal procedures covered in the general 
papeisfor all explosives by the Ordnance Board and the Navy authorities. 

The philosophy of these procedures involves the use of a range of 
standard tests, the results of which for new materials may be compared 
with those for familiar propellants whose characteristics are well known. 
An overall hazard assessment can then be made. 

Small scale tests involving up to a few grams of material are 
available, in which samples are subjected to the usual range of stimuli 
(impact, friction, spark etc). These show most propellants - especially 
those containing nitrocellulose with or without nitroglycerine - as 
easily ignitable, which is not surprising in view of their function. 
Nevertheless their manufacture has progressed satisfactorily in spite of 
this property. 

Hazard problems with propellants are concerned more with large 
charges and with the consequences of ignition, ie their explosiveness, 
in particular situations. 

With gun propellants there are two related principal problems both 
more acute with higher-performance materials viz whether the propellant 
presents a fire or an explosion risk for bulk storage and transport, and 
whether an assurance can be given that it will burn steadily rather than 
explosively in a high pressure gun chamber. 

For rocket propellants relevant problems include also response to 
spigot intrusion and fragment attack. Here the physical and chemical 
properties play a large part, a considerable variation being found as 
regards the minimum amount of intrusion required for ignition, and the 
consequences of that ignition, particularly when propellants of high 
frangibility provide an increased surface area for burning. Response 
to explosive shock must also be considered. 

I 
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1 Summary 

UK procedures for acceptance of gun and rocket propellants involve 
the use of a range of standard tests, the results of which for new 
materials may be compared with those for familiar propellants whose 
characteristics are well known. Small scale sensitiveness tests, in 
which up to a few grammes of material are subjected to a range of stimuli 
(impact, friction etc) show propellants in general as easily ignitable; 
up to the present time however, manufacture has not presented any 
intractable problems. The hazards presented by propellant charges or 
quantities of such charges have, with the exception of classification of 
propellants in bulk for storage and transport, so far received compara- 
tively little attention in the UK. However, with the increasingly 
stringent requirements for performance required for present-day applica- 
tions, such problems as those presented by the dropping of bare charges, 
intrusion by hard and irregular surfaces, fragment and bullet attack, 
and response to explosive shock will require consideration in future. 
Standard tests to simulate these are available and suggestions are made 
for future developments. 

2 Introduction 

The manufacture, storage, transport, handling and use of explosives 
of any type is necessarily accompanied by potential hazards to 
personnel, equipment, and facilities and even on occasion to the general 
public. The assessment of such hazards is a difficult problem with many 
aspects. It is clearly impracticably expensive and time-consuming to 
carry out full scale trials to simulate every conceivable hazard situation, 
and recourse is therefore had to a series of standard tests which in most 
cases are not directly representative of actual hazard situations (though 
some are more so than others) but which can be relied on to give repro- 
ducible results and which can be carried out reasonably quickly and 
comparatively inexpensively. Explosives may then be ranked in order of 
response to the several tests and comparisons can be made between the 
new material whose hazards are in question and more familiar materials 
whose behaviour is considered to be known. It is of course essential 
that an adequate range of tests shall be available to cover the various 
aspects and HEHME Walthaa Abbey, which exercises a design function for 
propellants and is capable of manufacturing almost any propellant in or 
proposed for I'K Ministry of Defence service, has developed what, up till 
now, has >   thought to be an adequate group of procedures for this 
purpose 

) 

The tests may be divided into two broad classes, those carried out 
on a few grammes (or less) of powdered (or at any rate finely-divided) 
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material, and those concerned with larger charges. Tests in the first 
class assess sensitiveness, that is, the ease with which the propellant 
may be ignited by a prescribed stimulus. Tests in the second class may 
give information on sensitiveness and also on explosiveness, chat is, 
the violence of reaction of the material after ignition, in terms of 
blast output and/or damage to the surroundings. Explosiveness is 
dependent not only on the chemical constitution of the propellant, but 
on such extensive factors as the mass, configuration and degree of 
confinement of the charge. Hazard assessment clearly requires considera- 
tion of both these aspects, though, to anticipate, it may be suggested 
that the main problems are connected with the assessment of explosive- 
ness in particular situations. 

3   Safety Certificate Testing - Outline of Procedures 

In the UK the development of gun and rocket propellants takes place 
very largely in Ministry of Defence Establishments and agencies, and 
the subsequent manufacture of these materials in Royal Ordnance Factories 
which also form part of the Ministry of Defence (MOD) organisation. 
MOD practice requires the provision of a document in standard form, and 
known as a Safety Certificate, for any explosive material whose manufac- 
ture in a Royal Ordnance Factory is proposed. The Safety Certificate 
provides data on the propertied of thi material in question, including 
the results of a series of sensitiveness tests designed to examine the 
response of a small quantity of the material, ideally in powdered form» 
to a range of stimuli, and directed towards some of the hazards arising 
in manufacture or handling. 

The Rotter Impact test1(Fig 1) was developed for the study of 
crystalline high explosives, but its use has been since extended to 
almost all kinds of explosive material. The impact produced by the fall 
of a 5 kg weight is transmitted through two intermediate components to 
the base of an inverted brass cup which contains a 0.03 cm? sample of 
the material and fits over the projecting "pip" of a hardened steel anvil 
(Fig 2). The chamber is sealed during firing and the normal criterion 
for an ignition is the generation of a minimum gas volume (1 cm?). The 
procedure used is the Bruceton staircase methods designed to give the 
best possible value of the median height (ie drop height for 50Jp 
probability of ignition) and to avoid possible drifting effects due to 
wear on the equipment the runs are interlaced with those of a standard, 
a highly purified ROC with a fairly narrow particle size range,to give a 
Relative Median Height or BKH (expressed in terms of standard RXK = 80). 
In development work 50-shot runs are employed, but for safety certificate 
purposes 200-shot runs are used« The action of the test is of shear 
flow under compress!ve stress. 
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The mallet friction test1employs a small sample of the material 
under test, spread on an anvil and struck a glancing blow with a 
standard steel-tipped or wooden mallet held in the operator's hand. 
These mallets weigh about 980 g and 700 g respectively. In the standard 
procedure, the former is used with mild steel, naval brass and aluminium 
bronze anvils, and the latter with hardwood (oak), softwood (soft 
Norwegian pine) and yorkstone anvils, though other combinations, includ- 
ing anvils of plastics materials, are available if required. The 
standard practice is to attempt a maximum of five strikes at the sample; 
when an ignition occurs or five strikes take place without ignition, 
another sample is tested, and ten samples in all are used for each 
mallet/anvil combination. The results are thus obtained as a number of 
fires out of ten for each mallet/anvil combination and for safety 
certificate purposes these are further rounded as follows: 

0 fires out of 10 

1-6 fires out of 10 

7-10 fires out of 10 

rounded to 0 

rounded to 30 

rounded to 100 

The human element in this test is obviously considerable and the 
action in practice is not entirely frictional in character. A machine 
designed to overcome this difficulty and obtain more quantitative data 
is described in the paper for this conference by J F Sumner of this 
Establishment. 

The temperature of ignition test uses a sample of 0.20 g (for 
initiating compositions 0..05 g) which is heated at 5°C/mimite in a 
standard borosilicate test tube until an event occurs or *K3Q°C is 
reached; the character of the event and its temperature are noted. 

The Bickford fuze (or ease of ignition) test cakes use of a length 
of gunpowder fuze to produce a shower of incendive sparks on a sample of 
3 g of the material., also in a borosilicate test lube, at room temperature. 
If an ignition is not obtained the attempt is repeated and up to five 
attempts in all are made. The nature of any event is noted. 

In the train test a hemicylindrical mild steel trough 300 mm long 
by 13 mm diameter and 1.5 mm wall thickness ia filled flush with the top 
with the material under test, which ia ignited at one end by a gas flame. 
Again the nature of the event is noted. 

The electric spark test une« successive trial« with spark« of 
4.5 J, Q.%5 J and 0.045 J on luuaplee of the material under the confine- 
ment provided by 6 mm diameter holes in a 3 mm thick polythene «trip, 
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closed at the bottom by a continuous copper foil electrode 0.08 no thick 
and at the top by discrete pieces of similar foil to provide the second 
electrode. Only one spark is applied to each sample and if no ignition 
is obtained in 50 trials at any one energy level the trial is discontinued. 
If ignitions occur at 0.045 J a more searching procedure is required in 
view of the fact that an operator may acquire an electrostatic charge of 
up to possibly 0.01 J on his person in extreme conditions in the UK. 

It will be seen that the six tests outlined provide information on 
the response of a small sample of material to situations which represent 
(respectively) impact leading to shear flow; friction; comparatively 
slow temperature rise; incendive sparks; naked flame; and electric 
spark. None of these tests can be claimed to be representative of any 
particular hazard situation, their value lying in their standard 
character, the reproducibility of the results, and the fact that they 
can be carried out adequately by semi-skilled staff. As a result of 
these factors a many years'accumulation of data is available from which 
the behaviour of new materials may be assessed through comparison with 
others whose characteristics are well known. 

k       Safety Certificate Testing - Results for Propellants 

In practice most attention is given to the results of the Rotter 
Impact test, which provides numerical discrimination between materials 
and the results from which should achieve good reproducibility over long 
periods. Propellants in general give much lower values than high 
explosives, reflecting their greater ease of ignition; single and double- 
base propellants give values down to 15 - a result recently obtained for 
a sample of the familiar SC (Solventless Carbamite) cordite, which has 
been in service for many years. Lower values may give rise to concern, 
not so much because of any direct res^Jblance between the experimental 
array and any hazard situation as because this is the principal 
quantitative sensitiveness test assessment available; this is reflected 
in the term Figure of Insensitiveness (F of I) which is given on the 
Safety Certificate to the RMH value. It should be pointed out however 
that propellants do not in general produce their full volume of available 
gas (~ 20 ml) in the Hotter test, as crystalline high explosives do - 
gas volumes of 1.5 to 5 ml being typical for '.he "fires" in the test 
runs for propellants. Even at drop heights '.ar in excess of the median 
value the gas volume is often not significantly increased so that the 
ignition is not fully effective under the ronditions of teat. Another 
complication is that composite propellants (which consist fundamentally 
of ammonium per chlorate with fuel bi^va of various types) cannot be 
ground to powder, so it is necessary to test these in the form of discs, 
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2 ram thick by k mm diameter. (Comparative experiments using double-base 
propellants suggest that this modification of procedure has little effect 
on the results.) Composite propellants in general give BMH values down 
to 30, which are considered acceptable. 

Up to the present UK hazard appraisal procedures have not required 
assessment of the sensitising effect of grit on propellants. In terms 
however of the latest Ordnance Board procedures (discussed in the paper 
for this conference by K Beedham) this assessment will be called for in 
the future for the new and modified types of propellanls (and other 
kinds of explosive materials) to which that Proceeding will be considered 
to apply; the Rotter impact test will be used* 

The results of the mallet friction test generally correlate with 
those of the Hotter test for the class of double-base and single-base 
propellants as a whole; ignitions are obtained with the steel-tipped 
mallet (usually 100 on steel, 50 - 100 on naval brass, 50 - 100 on 
aluminium bronze) and the more energetic or faster-burning propellants 
give ignitions with the wooden mallet on yorkstone also. Composite 
propellants in general, give higher friction sensitiveness for similar 
F of I than double-base materials; values of 100 with the steel-tipped 
mallet on all three metal anvils are usual, as is a similar result with 
the wooden mallet on the yorkstone anvil. The latter result is attri- 
buted to "hot spot" generation accompanying erosion of the wood of the 
mallet by the rough surface of the stone, and is thus comparable to 
sensitisation by grit. Occasional ignitions (leading to a result of 50) 
with the hardwood anvil are also observed, but ignitions with the soft- 
wood anvil would give rise to concern. 

The temperature of ignition (T of I) test is in effect an accelera- 
ted stability test and propellants containing nitric esters (in practice 
nitrocellulose with or without nitroglycerine) all give values in the 
general range 155 - 170 C and produce flame. In general materials with 
measured temperature of ignition leas than 1^0 C are not stable enough 
for service use. Composite propellants in general give T of I values 
above 200 C. 

In general propellants ignite in the Bickford fuze test (though a 
few slower-burning composite materials fail to do so) and burn steadily 
or vigorously in the train test. A material which "exploded" in either 
of these tests would hardly be suitable for use as a propellant. 

The electric spark test shows that with nearly all single and 
double-bass propellants no ignitions are obtained at the maximum energy 
of 4.5 J, although a few give a result of "ignitions at 4.5 J but not at 
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0.^5 J". All composite propellants BO far tested give no ignition at 
*f.5 J. Nitrocellulose itself, particularly when xinely divided can be 
ignited with sparks of 0.0^5 J but in general there is no problem with 
it or with any propellant as far as charged personnel are concerned. 
However there are two situations in which a hazard can arise. One is 
the accumulation of charge as a result of moving a large quantity of 
propellant powder during processing, which may result in available 
energies well in excess of 0.01 J, and the other is the possibility of 
ignition of solvent-air mixtures, arising from the solvents used ir. 
processing, as a result of such movements or by charged personnel. 
However graphiting the material reduces the former problem and the use 
of appropriate clothing reduces the latter. 

It will be seen that propellants in general are readily ignited in 
all these tests except for the last. Since ready and reproducible 
ignition is a pre-requisite for their functioning in a gun chamber or 
rocket motor, this is not surprising. Even propellants with the lowest 
values of F of I and the highest friction figures in the ranges quoted 
have not been found to produce an unacceptable ignition hazard in service, 
providing that the store is not designed or handled in such a way that 
small quantities of the propellant can be subjected to sharp mechanical 
stimulus (friction or "nipping") between metal surfaces. Manufacture 
and processing, where a much greater energy density may be applied to 
the material then during subsequent handling etc may provide a greater 
hazard, and in at least one process (viz the rolling of sheets of 
extruded double-base propellant) it may be necessary to accept that 
occasional fires may occur and to instal drenching equipment. However 
in other respects procedures may be laid down which if rigidly followed 
nay be claimed to eliminate for all practical purposes the incidence of 
ignitions during propellant manufacture and processing. 

5  Classification for Storage and Transport 

For purposes of storage and transport of explosive materials it is 
necessary to discriminate between explosive risk on the one hand and 
fire risk on the other ie to assess their explosiveness under these 
circumstances. Since the quantities involved may be very large it is 
necessary to devise tests which may be carried out on a comparatively 
small scale, with compensation for the reduced mass of explosive by 
means of confinement much greater than tLat provided by approved 
explosive packaging (ie a "penalty" test). 

The Standard UK classification test is the large sealed vessel (LSV) 
test* of which two types are available. The filling may be cast or 
extruded into the vessel, or used in granular form, as appropriate. The 
igniter version (Fig 3) is the more frequently used, since the heated 
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version (at a rate of 5° C/minute) has been found to be an overtest in 
the case of materials that have been cast or extruded into th-j vessel, 
although it is probably satisfactory for granular materials. The result 
is assessed by the degree of fragmentation of the vessel and the present 
practice is that if none of the four firings with igniter type vessels 
gives more than nine fragments, then the material is classified as a 
fire risk. 

If any one test gives 16 or more fragments, an explosive risk is 
established. In all other cases, the standard deviation of the mean of 
the number of fragments is calculated and the upper limit for the mean 
number is estimated; if this is greater than or equal to 13, the material 
is taken to be an explosive risk, and if less than 13. a fire risk. This 
is a somewhac more detailed requirement than that quoted in reference 3* 

When trials with boxes are required testing may be carried out 
either (a) on a single box with an igniter embedded in the contents or 
(b) on a single box in a standard kerosene or timber fire or (c) as a 
stack trial with a linear vertical array of three boxes by three in a 
brick-lined concrete pit, the bottom three boxes containing live material 
and the remaining six boxes being filled with sand. The contents of 
the central bottom box are ignited. 

Most of the available LSV test results are on gun propellents, and 
on composite propellants consisting essentially of ammonium perchlorate 
and binder. Gun propellants of small web size are explosive risks for 
bulk storage and transport, whereas onee of large web size are fire 
risks. 

All composite propellants of the plastic type have been shown to 
be fire risks only, provided their rate of burning is not greater than 
50 mm/s at 10 MPa and they are stored in standard boxes not greater than 
four high. In these circumstances composite propellants in particular 
can lead to the throwing of firebrands. Though few results aro available 
rubbery composite propellants have usually been found to b« somewhat 
less reactive in the LSV teat than the plastic ones. 

Since the majority of, if not all, double-baa« rocket propellants 
of whatever charge design, have a web size much larger than the critical 
size, they will all be fire risks, unless they are damaged and thus 
have an increased surface ar^a (see Section 6). 

In contrast to the rocket motor situation, it should be noted that 
the LSV test, involving a bursting pressure appreciably less than that of 
the chamber of a modern gun, ia an under test in that context. 
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thought has been given to designing a stronger vessel which would burst 
at a pressure somewhat higher than most gun chamber operating pressures. 

6   Hazards with Charges 

For assessment under this general heading, there are available a 
number of tests to cover a variety of hazard situations, including those 
with cased material as well as bare charges. Up to the present time 
little if any use has been made of these tests in assessing the accepta- 
bility of gun and rocket propellants for service use in the UK but in 
terms of the latest Ordnance Board procedures (discussed in the paper 
for this conference by K Beedham) results from these tests will be 
called for in connection with the assessment of future "new explosives". 

For example, large bare charges of the more rigid types of propel- 
lant have to be handled while being moved from one work area to another, 
or in preparation for machining; this applies to extruded double-base 
propellant and, from time to time, to cast double-base propellant. 
There is then always the possibility of accidental dropping. To assess 
this, the oblique impact or skid test^ is available. This test was 
developed for high explosives and so far has not been used for propel- 
lants. Normally if ignition takes place the violence of the ensuing 
event will depend very much on the damage caused to the charge on impact. 
If little or no damage is caused, combustion will proceed relatively 
quietly, since the charge will eventually be burning at atmospheric 
pressure. 

Accidental dropping of an explosive store on to a hard irregularly 
shaped surface, such that an intrusion is made through the case and into 
the material inside, is another hazard that has to be considered. To 
simulate this, some form of spigot intrusion test is employed. The test 
used at EEBME (Fig h)  consists of a steel tube 127 mm long and *K) mm 
internal diameter, to one end of which a steel plate, 6*f mm square and 
1.6 mm thick is welded. The tube is filled with the propellant under 
study and placed on a heavy base with the cover plate facing upwards. 
A cylindrical spigot 19 mm diameter by n't mm long fitted to a 45 kg 
weight is allowed to drop, so that the spigot perforates the plate and 
enters the charge. Only a few propellants have been tested in this way, 
and all have shown that under these conditions drop heights in the range 
of 1 - 2 m (resulting in intrusions into the propellant of 10 - 20 mm) 
are capable of causing ignition, the charge continuing to burn. 

The assessment of the response of propellants, and of cartridges 
or rocket motors containing the«, to attack by bullets or fragments 
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is clearly of importance, and many ad hoc trials have been carried out 
against individual stores - rocket motors in particular. 

Work is in progress at PEHME Valtham Abbey to investigate this 
problem, both to compare threshold velocities for ignition of a range 
of propellants under standard conditions, and to look into the effect 
of variation of parameters (eg tube material and propellant composition) 
on the violence of the response of a standard model rocket motor 
subjected to a standard form of attack. It would certainly be prcaature 
at present to lay down any criteria for acceptability in this connection, 
but the results will provide a yardstick against which future candidate 
propellants can be measured. Little information appears to be available 
on the fragment or bullet attack of gun propellants. 

Another area of hazard is the susceptibility of gun and rocket 
propellants to explosive shock following accelerating combustion, or 
from nearby high explosives. For this assessment there are available 
at PEHME Valtham Abbey a number of gap-type tests, including the Low 
Amplitude Shock Initiation (LASI) test (Fig 5)> in which information in 
given on the threshold pressures for the onset of combustion as well as 
of detonation to several go/no go gap tests, eg Scale VI (using bare 
12.7 mm square cross-section charges 25.*t mm long), Scale F1 (using 
bare 50 mm diameter charges 76 mm long) and Scale IX which uses cased 
charges and is virtually identical with the US NOL Large Scale Gap Test. 
The LASI test, which also is based on NOL work, uses 50 mm diameter 
charges. It is recognised that there is a potential hazard with double- 
base rocket propellants since all are detonable (some giving larger 
outputs than TNT) in relatively small diameters, ie of the order of 
20-30 mm. They are, however, relatively insensitive to shock, input 
pressures of say >90 kb being required for detonation and >?0 kb for 
onset of combustion (under the conditions of the LASI test). The 
addition of ammonium perchlorate and aluminium, and of nitraminss, 
increases the sensitivity, the critical pressure for detonation dropping 
for example to half or one-third of the value for plain double-base 
compositions on addition of the last-named type of material. Most gun 
propellants in bulk will also be detonable. On the other hand it is 
well known that composite propellants based on ammonium perchlorate and 
fuel-binders are not detonable in diameters less than about 1.5 m, 
provided their porosity is low. 

7  Conclusions and Recommendations 

It will be seen that a wide range of tests is available to explore 
the response of propellants to various stimuli under a range of 
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conditions. The small scale tests, carried out on virtually every 
material submitted for examination, lead to the general (and perhaps 
fairly obvious) conclusion that propellants are readily ignitable 
(except by electric sparks whose duration appears to be too short) and 
in fact they must be so in order to perform their proper function. This 
suggests that there may be merit in the development of a standard test 
which aims to measure explicitly a minimum energy of ignition, preferably 
with different rates of application of energy. This concept of minimum 
energy of ignition has so far received very little attention in the 
propellant field in the UK. Some kind of inverse correlation with the 
linear rate of burning may be expected. The need for vigorous control 
in processing propellants has already been emphasised; while no formal 
criteria have been laid down, it may well be that materials showing 
F of I less than 10, and/or ignitions with the wooden mallet on the 
softwood anvil, would present problems in processing. 

When the propellants have been manufactured, it is the explosive- 
ness of large charges or quantities of material which is of concern. 
Granular propellant, filled to greater than a certain minimum depth, 
may be expected to burn to detonation on ignition; this hazard can be 
important for casting powder as well as for finished propellant, and 
a standard procedure for determining this depth would be very useful. 

In connection with solid charges, there is need fcr more quantita- 
tiv« information on critical diameters for detonation, and such a study 
is currently proposed at PEHKE Waltham Abbey. 

At the same time, many practical problems are concerned with events 
which fall short of full detonation of the propellant but which can be 
very destructive. The mass explosion risk represented by the 1.1 hazard 
classification for transport and storage is an example of this. So is 
the high-performance gun problem; it is not necessary for the propellant 
to burn completely to detonation for rupture of the gun chamber to occur, 
leading to the loss of the gun and probably the giui crew. The problems 
presented by the fragment attack of rocket motors are analogous. Both 
these last are problems with stores, but the behaviour of the propellant 
itself is fundamental. With the increased performance of modern propel- 
lants, in both the gun and rocket fields, there is a penalty in the form 
of potentially increased hazards, and consequently a need for increasingly 
careful assessment of the problem. 
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Figurss 

1 Rotter Impact Apparatus 

2 Rotter Impact Chamber 

3 Large Sealed Vessel (Igniter Version) 

k       PERME Drop (Spigot) test 

5   Low Amplitude Shock Initiation Test 
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ABSTRACT 

At AWRE, procedures for assessing new HE compositions have 
evolved with time. To illustrate the methods and underlying 
principles, a typical sequence used in the development of a 
secondary explosive will be described. 

First, the required properties of the HE are listed to 
provide a target. In the development phase, the basic idea is to 
increase gradually the amount of explosive that can be experimented 
with at any one time, starting with a purely paper study and 
finishing with batches weighing tens of kilograms. At each stage, 
appropriate performance, safety and compatability tests are done and 
approval to go on to the next stage, using larger amounts of 
explosive, is only given if the safety and compatability tests are 
satisfactory. 

When a suitable material has been identified in the develop- 
ment phase, characterisation is started. Several large batches of 
the chosen composition are made and a large number of tests are 
done to measure its properties during manufacture and as the final 
charge. Kany of these are repeats of tests performed earlier but 
the duplication is desirable, since the material in the later, 
larger batches should be more typical of the final product and 
batch-to-batch variability can be investigated. If unsatisfactory 
results are obtained during characterisation, further development is 
done, leading to a different material to be assessed in a new 
characterisation programme. 

In general, to minimise costs, tests involving large 
amounts of material or expensive facilities are done late in the 
characterisation sequence• 

The characterisation is usually of a general nature. When 
it is complete, the explosive will be recognised as a composition 
v<th well-defined and generally acceptable properties and with a 
prescribed method of manufacture. When it ia used in a weapon 
development project, further specific tests may be needed to 
demonstrate its suitability for the particular application. 
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INTRODUCTION 

During the development of a new explosive composition, the 
explosive material is continually assessed using a range of tests in 
order to answer two questions: 

(i) Is there any reason to doubt that this composition 
will be acceptably safe in experimental work, manufacture 
and Service? 

(ii) Is there any reason to doubt that this composition 
will be functionally satisfactory in its intended role? 

Research work is normally started using very small 
quantities of materials and, as confidence increases, larger 
quantities are used. In parallel with the increase in quantity, 
the initial tests are small-scale and the scale of testing^ the 
range of properties tested and the costliness of the test all 
increase as development proceeds. 

At AWRE, procedures for assessing new explosives have 
evolved with time as new methods and apparatus became available, as 
the importance of new types of test become apparent and as the 
safety and performance requirements varied* 

It is generally recognised that, while performance tests 
are quite realistic, since the designer knows how he intends the 
explosive to work, most safety tests are rather idealised. This is 
because there is a large, possibly infinite, number of ways of 
having an accident. For example, even if several powder impact tests 
are done, there is no guarantee that the explosive has been assessed 
a - inst all possible stimuli of this type. As an example from a 
different field, Poison and Hanna (Reference 1) showed that, in 
special circumstances, lead aside could be several orders of 
magnitude more sensitive to spark than had previously been thought 
possible. Thus, the best that can be done is to choose tests 
which are representative of a hazard class and estimate the likely 
hazard of a new material by comparing its results with those for 
established materials whose safety properties are known. 

The tests vary with the type of composition under consider- 
ation - a main charge explosive is assessed differently from a booster 
or a detonator material. To illustrate the principles involved, the 
tests used during the development of a typical powerful secondary 
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explosive will be described; for other types of explosive, the range 
of tests will vary but the principles remain the same. 

Recently, steps have been taken at AWRE to formalise the 
programme of tests undertaken during the development phase. The 
effects of this have been? 

(i) to separate the work into definite phases. 

(ii) to set limits to the total amount of explosive in 
existence at any one stage, these limits increase as 
confidence in the safety of the explosive is gained. 

(iii) to specify a minimum set of safety tests which must be 
done, with satisfactory results, before the next stage can 
be started. 

(iv) to assign responsibility for deciding to move from one 
stage to the next; the initial decision to start an 
investigation is taken at a fairly senior level, approval 
for the next stage can be given by junior scientific grades 
rising to higher levels as the work proceeds and more 
explosive is involved. 

Inevitably, during the development of a new composition, 
some candidate materials will be rejected at different stages for a 
variety of reasens. This means that, instead of the work proceeding 
steadily to a satisfactory conclusion, the researchers must return to 
an earlier stage and start work on a new composition. This cyclic 
progress increases the duration and cost of a development programme 
and this should be remembered when reading the straightforward 
sequence described, for simplicity in the following sections. 

THE TARGET SPECIFICATION 

At the start of an HE development programme, a target 
specification is written in collaboration with the weapon designers. 
This specification contains qualitative and quantitative target 
properties and includes desirable safety and performance features. 
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In spite of the quantitative data! it is, in essence, largely 
qualitative, partly because there may be uncertainity about the 
required values for some of the performance properties, partly because 
some of the properties specified, eg tensils values, are ways of 
describing unquantifiables such as machineability and handleability 
and partly because many safety data are essentially comparative, as 
was mentioned in the Introduction. 

Even allowing for this, the target specification is a use- 
ful statement. It constitutes an agreement between the weapon 
designer and the explosive formulator that the target is desirable and 
achievable and it gives the latter a set of properties to ai"i for in 
his work. A typical target specification is shown in Table 1. 

The reasons for specifying most of the properties will be 
obvious; there are, however, a few which merit some discussion: 

(i) The tensile and static cempressive strengths are 
included to give the composition adequate strength in 
handling and machining. 

(ii) The strain at failure in tension is specified to 
minimise the chances of cracking when HE components are 
exposed to low Service temperatures in weapons where they 
are fixed to metal components with lower co-efficients of 
expansion. 

(iii) A maximum dynamic strength is given because there is 
some evidence that high valuea of this property are 
associated with high sensitiveness (critical drop height for 
an event) and explosiveness (typical size of event) on the 
oblique impact test. 

(iv) Experience has shown that, on the oblique impact test, 
events for a given explosive do not become more violent with 
increasing drop height above the threshold. It is thus use- 
ful to specify an explosive in terms of both its sensitiveness 
and explosiveness, since this will tend to limit both the 
likelihood and size of an event in case of accident. 
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THE R AND D PHASE 

Having decided, by paper study and previous experience, on 
one or more possible ways of meeting the target specification, the R 
and D phase starts. In practice, several different groups of 
components, each consisting of a powerful explosive, such as HMX or 
RDX, with one or more elastic or plastic materials to make up the 
binder , are assessed in parallel. Also, for binders which consist 
of more than one material, or which are synthesised in the laboratory, 
a related research programme on the properties of the binder alone 
may be pursued along with that on the composition. For simplicity, 
in the following description, we will ignore any binder programme 
(in which the aim is to develop a material with appropriate physical 
properties, which is compatible with the explosive and typical 
Service materials) assume that there is only one set of components 
from which the composition will be formulated and also that, while 
much may be known about the individual ingredients, little or nothing 
is known about their behaviour when mixed together. 

To begin, very small quantities of the explosive constituents 
(less than 0.1g) are mixed with the individual components of the 
binder (the exact proportions are not important at this stage) and 
samples of about 0.01g or less are examined according to a scheme 
such as the following: 

(i) Allow the mixture to stand at room temperature and 
watch for signs of reaction: colour change, liquefaction, 
gassing etc. 

(ii) Slowly warm the mixture to about 1CD°C and note signs 
of reaction as in (i). 

(iii) Heat a small quantity to ignition, note the violence 
of the reaction and compare it with that of the pure 
explosive. 

(iv) Carry out a DSC scan, note any endotheras or exotherme 
and compare them with those of the individual materials. 

(v) Subject the mixture to impact, eg by placing a small 
quantity on a steel anvil and striking it with a steel 
hammer and observe the violence of reaction. 
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Gradually, by performing tests such as these, with all 
possible combinations of the inert components with the explosive 
powder, any ingredients likely to lead to stability or safety 
problems can be identified and eliminated from the composition. 

If the preliminary results are satisfactory, the next stage 
may be entered. Here, a few grems of the composition are made up in 
about the proportions that are thought likely for the final 
composition and, if possible, the ingredients aro incorporated by 
the proposed method. 

This mixture is then used to obtain a first estimate of the 
powder safety characteristics of the composition using standard UK 
safety testd (see the Appendix for a brief description of these and 
other tests mentioned in this paper; full details are given in 
Reference 2 for the safety tests;. In some cases, shortened forms 
of the test are used. 

The tests at this stage include: 

(i) Rotter impact test using only 10 caps to show whether 
the P of I (figure of insensitiveness) is greater than or 
less than 50 (RDX - 80 (standard ) HMX - 60). 

(ii) Vacuum stability test, using only lg of material; the 
standard test uses 5g» 

(iii) Mallet friction test, using a boxwood mallet on a 
yorkstone anvil only; this form of the test gives stimuli 
of intermediate violence. 

(iv) Temperature of ignition. 

Having obtained acceptable results in these tests, 
development work using larger quantities can proceed* 

Now, since confidence is increasing, quantities up to 0.5 kg 
can be used. So far, the "composition'* has been a mixture of the 
proposed components in approximately the proportions which are 
envisaged for the final material. 
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Now that larger quantities are being used, the mixtures can be 
formulated more accurately, using scaled-down versions of the likely 
incorporation techniques (paste mixing, slurry mixing, etc) and 
preliminary experiments on the effects of varying the proportions of 
the ingredients on the properties of the composition can he done. 

Safety tests performed at this stage include: 

(i) Rotter impact test using 50-200 caps. 

(ii) Pull-scale vacuum stability test using a 5g sample. 

(iii) Several tests used in earlier stages, eg DSC scan, 
temperature of ignition, mallet friction are repeated on 
these more representative samples. 

These safety tents are not done on all the different 
mixtures made at this stage, but only on a selection, including 
extremes, to assess whether varying the proportions of the 
ingredients within the proposed range has any effect on safety and 
stability properties. 

In addition to theL, safety tests, preliminary fabrication 
experiments are done. Most powerful compositions developed at AWRE 
are pressed isostatically but. to begin gradually, small pellets are 
die pressed in a 25mm (1.0 in) diameter mould, initially at room 
temperature but later ones are pressed at typical pressings 
temperatures (?0-100°C depending on the composition). These pellets 
are used to obtain initial values of physical properties, such as 
density and strength and some are gap tested to give a rough 
estimate of shock sensitivity. 

Having achieved satisfactory safety and performance results, 
larger quantities (up to 10 kg) can now be used. Any further 
experiments needed to define the method of making the moulding powder 
are done at this stage. Compatability tests, in which the moulding 
powder is assessed against materials with which it is likely to be 
in contact at all stages from processing to Service, are begun. 
Isostatic pressing experiments are started; initially, pressing is 
limited to small charges but, as experience is gained and the 
pressing sequenoe defined, larger charges, up to 177 x 177mm (7 x 7 in) 
arc produceds Th*«« charges are used to provide specimens for 
physical testing (tensile and compressive strength and creep 
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measurements) and storage experiments at ambient, elevated and cyclic 
temperatures are started, to assess the variation in physical 
properties density and chemical stability with age. 

More extensive gap testing is done and the powers of one or 
two compositions are estimated using the cylinder test (Reference 3)« 
Also, a few Oblique Impact Tests are done using Jabroc vehicles (see 
Reference 4 and Appendix) to assess the charge safety characteristics. 

In this phase, many different compositions are made to 
estimate the effects of formulation variables, such as proportions of 
ingredients, explosive particle characteristics (fine, coarse, bimodal 
etc) and fabrication techniques on the final charge properties. Some 
of these variants are intended only to provide data to show how charge 
properties of interest vary with composition, while others are definite 
candidates for the final composition. 

As more information is obtained and interest is concentrated 
on choosing one composition for full characterisation, some compositions 
are eliminated and more work is done on a few which are definite 
candidates for Service use. Larger quantities of explosive (up to 100 
kg) are made, pressed and subjected to testing. Pew, if any, new tests 
are introduced at this stage; the aim is to obtain more information on 
properties which were measured earlier and (since several batches of 
moulding powder are made) to obtain some estimate of the reproducibility 
of the production process. 

'"> 

The tests on which effort is concentrated include: 

(i) Tensile and static and dynamic compressive testing; for 
all three, ultimate strength, modulus and strain at failure 
are measured. 

(ii) Creep testing. 

(iii) Qap testing. 

(iv) Cylinder testing. 

(v) Oblique Impact Testing using 23 kg (50 lb) hemispheres 
(see Appendix) to obtain both sensitiveness and explosiveneas 
estimates. 
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(vi) Pressing tests to define optimum pressing conditions. 

When a new composition is brought into production at an 
Ordnance Factory, it must have a Safety Certificate. The recognised 
test centre is at RARDE but it is thought worthwhile to perform a 
preliminary set of tests at AWRE, so tna„ any problems can be 
identified. Many of the Safety Certificate tests have been done 
earlier but this stage, late in the development, is a convenient time 
to go through the whole sequence. The tests are (see Appendix): 

(i) Rotter impact (200 caps) 

(ii) Mallet friction. 

(iii) Vacuum stability. 

(iv) Compatibility with a range of materials. 

(v) Temperature of ignition. 

(vi) Spark sensitivity. 

(vii) Trough inflammation. 

(viii) Bickford fuze. 

Prom the work done and the results obtained, a composition is 
chosen for characterisation by comparing all the data with the target 
specification. Practically all the information collected is of use 
in m-.king the choice, since data on compositions which are not chosen 
show how the properties vary with composition anu processing variables 
and, assuming the correlation is good, they lend support to the 
experimental values for the chosen material. 

FULL CHARACTERISATION 

In the characterisation phase, about 1000 kg of HE, in batches 
of 20-100 kg, is made and tested, compared with a total of about 100- 
200 kg, of the composition finally chosen, in the R and D phase. The 
aims of the characterisation phase are: 

(i) To show, using a wider range of tests and several 
repetitions of some tests that the chosen composition is safe 
and suitable for manufacture and Service use, 
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(ii) To show that satisfactory, reproducible methods of making 
the moulding powder and fabricating charges have been 
developed. 

Several of the tests used in this phase are repetitions of 
ones used in the R and D stage but many are new. The tests, grouped 
under headings are discussed below. 

(a) Batch-to-batch reproducibility 

Many of the tests listed under the other headings give 
information on reproducibility since they are done on more 
than one batch; however, the following are intended 
specifically to assess reproducibility. The tests are done 
on at least one sample fro-u each batch. 

(i) Kctter impact tent. 

(ii) Particle size and composition analysis of the mould- 
ing powder. 

(iii) Measurement of density and composition analysis of 
small blocks taken from a pressed charge to assess 
variation of these properties throughout the charge. 

By this time, the properties of the individual 
ingredients of the moulding powder should be well 
known. Sources of such data include specifications for 
standard explosive powders and for commercial materials» 
If such data are insufficient or if some of the 
materials were developed during the R and D phase, the 
materials are characterised at this stage, using suitable 
tests, so that Specifications my be written. In addi- 
tion, Specifications are drawn up for the moulding 
powders, pressed charges etc using the data generated 
during the characterisation phase to define limits. 

(b) Powder Safety 

A sample is sent to RAROE for Safety Certificate testing. 

A burning trial is performed on a bag of moulding powder 
in a typicil wooden storage "hax to assess the likely fire 
hazard* 

1 
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(c) Physical Properties 

The physical property measurements performed in earlier 
utagea (static and dynamic compression, tensile and creep 
tests) are repeated on several batches. Some tests are 
done at high and low temperatures and thermal conductivity, 
thermal diffusivity and coefficient of expansion are 
measured. 

(d) Storage Tests 

Machined samples are stored on their own and also in 
contact with appropriate Service materials. Samples are 
stored for four years or more at ambient and also on a 
diurnal sinusoidal cycle between 40 and 45°C, which has been 
found to be a realistic accelerating environment. 

(e) Charge Safety 

Several teBts are done to give more information and a 
wider survey of charge safety. 

(i) Proof machining. Charges are machined, band sawn 
and drilled at feed rates well above the normal 
accepted range. Some charges are band sawn while 
sandwiched between metal plates so that both metal and 
explosive are cut* A decision on permitted machining 
methods (close or remote control, wet or dry) is 
made on the basis of these tests. 

(ii) Oblique Impact Ttst. Several drop using 23 kg 

(50 lb) HE hemispheres are done. The first tests are 
at 45° angle of incidence; tests at the more severe 
76° incidence are only done if it proves difficult to 
obtain events at 45°» 

(iii) Spigot Tsst. Several spigot tests (Reference 5) 
are done to estimate the sensitivity of the explosive 
to this stimulus. Most tests are done with a 1.6 mm 
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(1/16 in) air gap between the explosive and the spigot 
since this condition, in which adiabatic air compression 
is an important feature, is most likely to cause initiation 
but one or two tests are also done without an air gap to 
find out if the material is particularly sensitive to 
impact and viscous shear processes. Most reasonably 
insensitive ^ocondary explosives ars not initiated in this 
latter form of the test, even at the maximum drop height, 
42.7 m (140 ft). 

(iv) Susan Test. About 10 rounds in standard Susan 
vehicles (Reference 6) are tested at velocities in the 
range 61 - 275 ns  (200 - 900 ft s"1) to assess the 
sensitiveness and explosiveness of the material in a 
confined state to high velocity impact. 

(v) Burning Trial. A typical wooden magazine box 
containing a charge weighing about 20 kg is burnt to 
find out how large charges of the material behave in a 
fire. 

(f) Initiation and Performance 

Several tests, including the following, are done to 
obtain information on the shock sensitivity and power of 
the explosive (see Appendix and Reference 3 for 
experimental details). 

(i) Gap Test. The explosive is tested on the AWRE 
Scale I gap test and, if insensitive, on Scale II 
as well. 

(ii) Pick up delay. The test explosive is initiated 
across a copper barrier and the initiation delay 
measured for a variety of barrier thicknesses. 
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(iii) Cylinder Test. Several tests are done. 

(iv) Plate throw test. Large charges of HE are used to 
accelerate aluminium plates of various thicknesses. 
Prom these results, the C»J. pressure is estimated. 

(v) Velocity of detonation. Velocity of detonation is 
measured in the cylinder and plate throwing tests. Other 
tests at diameters less than 25mm are done to give an 
estimate of the variation of velocity with diameter. 

CONCLUSION 

The tests described in the previous sections are typical of 
those to which a powerful explosive composition is submitted during 
development and characterisation. If the results are satisfactory 
and match the target specification reasonably closely, the composition 
is accepted by AWRE as being suitable for Service. 

It will have been noticed that none of the tests is 
specifically related to any weapon system. This is deliberate, 
since the characterisation is intended to be general, because, while 
the broad class or classes of weapon in which a given HE may find 
a use may be predictable, it is not often that the detailed weapon 
design is known during development. Thus, further work is usually 
necesrary to show that the explosive, even though generally 
acceptable for Service, is actually suitable for a particular new 
weapon system in terms of performance, saiety and stability. Such 
tests are designed around the weapon system, bearing in mind its 
proposed range of application and weapon designers, explosives special- 
ists and Ordnance Board representative» are involved. 
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TABLE 1 

TYPICAL TARGET SPECIFICATION FOR A POWERFUL HE COMPOSITION 

Figure of Inaensitiveness (Rotter) : > 50 

Vacuum stability : < 5 ml gas at NTP 

Temperature of ignition s > 250°C 

DSC : no exotherm below 250°C 

Compatibility compatible with typical explosive and 
non-explosive weapon materials * 

Strain at failure 

% 

>0.5 

Physical properties: 

Creep (non recoverable)      : 

Strength 

MPa (lbf in-2) 

Tensile >3.4 (500) 

Static compressive>6.9 (1000) 

Dynamic compressive <20.6 (3000) 

Gap test (Scale I) : 0.5 - 0.75 mm (20-30 mils) 

as powerful as Explosive X J 

no event greater than large partial 

no event below x metres dropheight 

Susan test        : no worse than Explosive Y / 

Cylinder test 

Oblique impact test 

NOTES:  * In an actual specification! some materials might be named. 

/ In an actual specification! these explosives would be 
named. 
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APPENDIX 

BRIEF DESCRIPTIONS QF TESTS MENTIONED IN THE TEXT 

(i) Rotter test (SCO Test 1/72) 

A small sample(about 30 mg) of powered explosive is 
confined between a steel anvil and a thin cap, a steel 
drift is placed on top of the cap. A 5 kg weight is 
dropped on the drift from the selected height and the gas 
evolved from the explosive is measured using a burette; an 
event is recorded if more than 1 ml gas is evolved. The 
drop height is changed, using a Bruceton procedure, in 
successive tests and the critical height for producing 
explosions is calculated. In a full test, 200 caps are 
used. 

The Figure of Insensitiveness is calculated thus: 

F of I of test material - Critical height of test material 
F of I of RDX ( . 80)    Critical height of RDX. 

(ii) Spark test (SCC TeBt 6/66) 

A powdered explosive sample is held in a hole in a thin 
polyethylene strip sandwiched between metal electrodes. A 
spark is generated in the explosive by connecting a 
capacitor, charged to 9«5 kV, between the electrodes. By 
varying the capacitor, explosive samples are tested at 4»5 
0.45 and 0.045J stored energy and the lowest energy which 
produces explosions is recorded. 

(iii) Hallet friction test (SCC Test 2/72) 

A small sample of explosive is spread on an anvil and 
struck a glancing blow with a mallet held in the operator's 
hand. Mallets of boxwood and steel and anvils of softwood, 
hardwood, yorkstone, mild steel, aluminium bronze and naval 
brass are used in various combinations. The numbers of 
explosions generated in tan strikes on the samples are 
recorded. 
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(iv) Vacuum stability and compatibility tests 

5g samples are heated in vacuum, at 120°C; the gas 
evolved between 1.5 hrs and 41.5 hrs is recorded (estimated 
at UTP). In the compatibility test, 4«75g explosive and 
0.25g test additive are used and the gas, in excess of 
that which would have been evolved by the test materials, if 
tested separately, is recorded. 

(v) Temperature of Ignition (SCC Test 3/66) 

An 0.2g explosive sample is heated in a test tube so 
that the temperature rises at 5°C min"1. The temperature 
at which inflammation or other violent reaction occurs is 
recorded. 

(vi) Trough inflammation test (SCO Test 5/66) 

An unconfined train of material, held in a mild steel 
trough, 12.7mm wide, is ignited at one end by a naked 
flame and the behaviour of the sample is recorded. 

(vii) Bickford fuze teBt (SCC Test 4/66) 

A 3*0g sample of explosive in a test tube is subjected 
to the short burst of flame from a length of Bickford fuze, 
placed in contact with it. The ease of ignition and 
violence of reaction are recorded. 

(viii) Tensile strength test 

The tensile strength is estimated using a three-point 
rupture test on a rectangular bar sample. 

(ix) Compressive strength tests 

Compressive test are done by axially loading 
cylindrical samples. In the dynamic test, the load is 
applied by dropping a weight onto a drift assembly 
(including a felt smoothing layer) placed on top of the 
sample. The rate of strain in the dynamic test is about 
20 sec-1. 
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(x) Creep test 

Cylindrical specimens are axially loaded at O.69 MPa 
(100 lb f in"2) at 60°C for 100 hr. Total and non-recoverable 
creep are measured. 

(xi) Oblique Impact test 

Two forms of test sample are used: 

(a) A 23 kg (50 lb) solid explosive hemisphere. 

(b) A Jabroc (resin bonded, laminated wood) vhicle 
with an explosive charge, weighing rbout 1.5 ^.. <md 
cylindrical in shape but with one face machinal xo  the 
same radius of curvature as the Jabroc component, in- 
uet at the pole; the total weight is 23 kg. 

The latter form of vehicle is used, so that tests 
can be done at an early stage in the programme when less 
explosive is available. 

Test assemblies are dropped from various heights, 
so that they impact, at 45° or 76° to the vertical, a 
standard steel plate, onto which sand is stuck using 
epoxy resin. 

Event sizes are assessed subjectively on a scale: 
no event; small partial, large partial; explosion; 
high order* 

(xii) AWRE <s»p test (Scales I and II )* 

The Scale I donor is a 1.7 Mg m~3 FBTN pellet, 6.0mm 
diameter, 5.1mm long (0.235 z 0.2 in) initiated by a low 
density FBTN train. The Scale II donor has an additional 
PBTN pellet, 10.2mm diameter, 3.8cm long (0.4 x 0.15 in). 
The barrier is laminated brass shim and the receptor is a 
block of HE of minimum size 12.7 x 12.7 x 25.4mm (0.5 x 0.5 
x 1.0 in). The assembly is placed on a steel witness block. 
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Testing is performed according to the Bruceton up-down 
procedure and the critical gap thickness calculated from 
the results. 

(xiii) Pick up delay 

The donor is a cylinder of powerful HE, 31.8 mm 
diameter, 38.1mm long (1.25 x 1.5 in) initiated by an 
exploding wire detonator, the barrier is  solid copper and 
the receptor is a stack of discs of the test material 31*8mm 
diameter, 5»1mm to 25.4mw long as required.    Ionisation 
probes placed between the discs and at the ends record 
arrival time. 

Initiation delays for different barrier thicknesses are 
estimated from space-time plots. 

(xiv)   Plate throw test 

Cylinders of the test HE,  127mm diameter,  127mm long 
(5x5 in) initiated by a plane wave lens are used to 
accelerate aluminium plates up to 10mm thick.    The plate 
velocities are measured  and used to estimate the C.J. 
pressure« 
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AUSTRALIAN TEST PROCEDURES FOR THE ACCEPTANCE OF MILITARY 

ENERGETIC MATERIALS 

J. Eadie and D.J. Pinson 

Materials Research Laboratories 
Defence Science and Technology Organisation (DSTO) 

Department of Defence, Melbourne, Australia 

ABSTRACT 

Australian procedures for the acceptance of explosives by the 
Defence Force, the Defence Science Laboratories and the Munition 
Factories are described.  Sensitivity, compatibility and environmental 
tests are summarised and mention is made of the role of the recently 
formed Australian Ordnance Council. 

INTRODUCTION 

The vast majority of energetic materials used by the Defence 
Force of Australia are closely based on UK or US formulations, although 
in recent years a growing number of European compositions have been 
introduced into service.  The procedures used for the qualification of 
these materials are largely derived from UK practices, although each of 
the old Departments of Navy, Army, Air and Supply had evolved their own 
acceptance methods and had separate Explosives Regulations.  These 
four Departments were recently combined to form a single Department of 
Defence and thus enable rationalisation of activities to take place in 
a number of areas.  In the case of explosives, it is hoped that the 
formation of an Australian Ordnance Council will lead to greater local 
standardisation of acceptance procedures. 

The Australian Ordnance Council, incidentally, is an 
independent joint service body established "to provide objective advice 
to appropriate authorities on the safety of explosive stores intended 
for use by the Australian Defence Force, and on the ability of these 
stores to remain safe in the Service environment".  It is responsible 
to the Chief, Defence Force Staff and to the Chief Defence Scientist, 
and comprises members from the three Services and Defence Science. 

In practice there are three main reasons why it may be 
necessary to qualify an energetic material for Australian military use. 
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Firstly, and most frequently, the Australian Defence Forces 
buy "off the shelf" foreign weapons which contain energetic materials 
which have not previously been in Australian service use.  In such 
cases it is customary for the Defence Forces to consider the 
acceptability of the energetic material as part of a detailed 
evaluation of the safety and serviceability of the whole weapon system. 
The qualification tests used by the country of manufacture are considered 
in this study and it would be most unusual for any Australian tests 
special to the energetic material to be carried out prior to purchase. 
The acceptability of the energetic material is decided upon by the 
Service purchasing the store and each Service has its own approval 
procedure. 

Secondly, weapons of foreign design are made in Australia 
under licence.  It has usually been a requirement of the Defence Forces 
that energetic materials of Australian manufacture should meet the 
original foreign specification.  If this specification can be met, the 
foreign qualification tests are accepted and the energetic material is 
manufactured and filled without any independent Australian qualification. 
The manufactured material would of course be subject to storability 
tests.   Recently, however, it has become recognised that Australian raw 
materials, particularly in the case of gun propellants, are not 
identical to those used overseas and it may consequently be advantageous 
to permit deviations from the material specification, provided 
performance is matched.  If such i material is not covered by the 
foreign qualification tests, it has to be tested in Australia to provide 
it with a Safety Certificate for manufacturing purposes and to provide 
the data on which service acceptance is based. 

Thirdly, weapons are designed and manufactured in Australia. 
As far as possible, standard energetic material; are used in such 
designs.   It is only where there is a requirement which cannot be met 
with existing materials that a new formulation is contemplated for 
service use.  It is then necessary to carry out every appropriate test 
which is available in Australia and, in general, an attempt is made to 
obtain all the information which would enable the material to be 
qualified for military use in the UK and US. 

The qualification tests currently available in Australia are 
summarised in the following paragraphs. 

SENSITIVITY TESTS 

Historically, the United Kingdom was the main supplier of 
military equipment to Australia and there are still close links between 
the Defence Forces, the Ordnance factories and the R&D Laboratories of 
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Britain and Australia.  Australian sensitivity tests, and other 
qualification procedures, are therefore based largely on those of the 
United Kingdom.  The following are currently in use in Australia: 

(i) Rotter Impact 

(ii) Mallet Friction 

(iii) Temperature of Ignition 

(iv) Ease of Ignition (Bickford Fuze Test) 

(v) Train Test 

(vi) Electric Spark Sensitivity 

The above tests provide the data for Australian Safety 
Certificates which closely follow the UK model.  An example is appended. 

(vii)  Ball and Disc Test 

(viii)  Liquid Explosive Impact Sensitivity (using a 
modified Rotter machine) 

(ix)  Shock Sensitivity (using AWRE small scale gap test) 

(x)  Glancing Blow Test (a modified version of the test 
which originated at ICI, Ardeer) 

(xi)  Henkin and McGill Test 

(xii)  Setback Simulator (Picatinny Arsenal Activator) 

(xiii)  Technoproducts Drop Weight Test 

It can be seen from the above list that all current Australian 
sensitivity tests are carried nut on small samples of material, usually 
powdered, and are mainly directed towards clearing energetic materials 
for factory and laboratory use.  Large scale tests, such as Spigot, 
Susan or Oblique Impact, on fabricated specimens of explosive cannot be 
carried out in Australia and current opinion is that the cost of 
introducing such tests could not be justified by the small number of 
explosives which are likely to need to be tested. 

STORABILITV 

In common with most other countries, Australia uses a vacuum 
stability test (40 h at 100°C) to assess the stability of explosives 
and explosive formulations.  The same test is used as a routine check 
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on the compatibility of explosives with other materials. UK proce- 
dures, the silvered vessel test and analysis of stabiliser content 
after prolonged storage (up to 5 years) at 49 C, are employed to 
assess the stability of gun propellants. 

Recently, there has been considerable interest in new methods 
which might supplement and complement these traditional tests and which 
might provide a more rapid indication of incompatibility.  For example, 
a mod-fied version of the vacuum stability test is now applied routinely 
in compatibility studies concerning gun propellants;  the test 
temperature is lower (80°C or 90°C) and gas evolution is monitored over 
an extended period of 168 hours.  Differential scanning calorimetry is 
used routinely to test for gross incompatibility and consideration is 
currently being given to the possibility of using changes in the values 
of kinetic parameters during decomposition in the scanning calorimeter 
to detect more subtle cases. 

The life of Australian designed or Australian manufactured 
weapons and other military stores containing energetic materials is 
assessed by the same type of environmental trials as are used in 
Britain and America (1),(2).  In addition, all military stores, both 
Australian and foreign, undergo surveillance during their service life 
to ensure that no deterioration takes place.  The details of the 
environmental testing and surveillance programmes are decided by the 
user Service in conjunction with the Australian Design Authority.  In 
the past there has been little formal co-ordination between the three 
Services concerning their ^rial requirements and procedures.   It is 
hoped, however, that the formation of the Australian Ordnance Council 
will lead to the development of a common tri-service approach to the 
subject.   Furthermore, i• is believed that by giving proposed testing 
programmes wider publication in the form of Australian Ordnance Council 
Proceedings, there will be a more widespread discussion of the nature 
and relevancy of particular tests, resulting in a greater assurance that 
all possible contingencies have been foreseen.   The explosive 
components of a practice bomb were recently the subject of the first 
AOC Proceeding of this type (3). 

It may be of interest to note that in recent years there has 
been an increasing tendency in Australia for weapons to be kept beyond 
their original approved storage life.  This may be a greater problem 
than in, say, the US and UK because of the much smaller usage rate and 
turnover of many stores and because of the greater proportion of for- 
eign weaponry being used.  In many cases the country of origin has no 
interest in extending the service life of their own stores.  ' .istralia 
has therefore to carry out its own re-assessments of permitted service 
life.  Often the replacement of energetic materials is required which 
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leads to new environmental trials before the refurbished items can be 
accepted.  It is anticipated that trials of this type will also be 
the subject of Australian Ordnance Council Proceedings. 

TRANSPORTATION 

Decisions concerning the transportation of military explosives 
within Australia are made by the inter-departmcntal Commonwealtn 
Explosives Iransport Committee (CETC).  The CETC is the closest 
Australian equivalent to the United Kingdom Explosives Storage and 
Transport Committee (ESTC) and, where possible, uses ESTC classifications 
for military explosives.   If available, other foreign classifications 
are used but if none exist, the CETC categorises explosives on the basis 
of existing information;  it would be unusual for Australian testing to 
be requested. 

Australia has decided to adopt the United Nations system for 
the classification of explosives.  In considering how the UN system 
should be introduced, it became apparent that there was a need for 
greater co-ordination of activities associated with the storage and 
transport of explosives.  It has therefore recently been decided to 
establish an Australian Defence Explosives Storage Committee (4) under 
the aegis of the Australian Ordnance Council.  The first major task of 
the Explosives Storage Committee will be to co-ordinate and oversee the 
implementation of the UN Classification System w.' thin the Department of 
Defence and at the same time to standardise the three Services' 
Explosive regulations.   It is envisaged that a standardised test 
procedure will be introduced for items of doubtful classification but 
details of how this will be implemented have yet to be decided. 

CONCLUSIONS 

Most military explosives and explosive-filled stores requiring 
qualification for use in Australia are of foreiqn manufacture or design 
and most safety and performance tests and acceptance procedures are of 
UK origin, even although the items to be qualified originate from an 
increasing range of countries.   Steps are being taken to rationalise 
acceptance procedures within Australia, for example, as mentioned above, 
by the formation of an Australian Ordnance Council.  However, it would 
clearly be to the benefit of Australia if there was greater international 
standardisation of safety tests for energetic materials and wholehearted 
support is therefore given to the objectives of this Conference. 
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APPENDIX Sheet  1 

MATERIALS   RESEARCH  LABORATORIES 

MARIBYRNONG 

EXPLOSIVES   SAFETY  CERTIFICATE  TESTING 

REFERENCE: E.D.G. Composition based on 
American Photoflash Powder. 

E & A: S.C.T. No. 34 
dated 13.5.1976 

CLAUSE 1 a. 

1 b. 

CLAUSE 2 

a. 

DESIGNATION AND GENERAL CHARACTERISTICS 

Photoflash Composition 

Explosive Pyrotechnic 

COMPOSITION 

Potassium Perchlorate 

Magnesium Powder, Grade 53 

Aluminium Powder, Grade F, Class 4 

Note: Magnesium and Aluminium to 
American Specification 

CLASSIFICATION 

40% 

34% 

26% 

'i) Sensitiveness to Impact & Friction:  Sensitive 

(ii) Sensitiveness to Electrostatic Spark: Comparatively 
Insensitive 

Storage and Transport Group 1 

Quantity Distance ZZ 

Fire Fighting Class 1 

Note: 2a. based on Clauses 3, 4A, 4ß and 8 
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Sheet 2 

E & A: S.C.T. No. 34 

CLAUSE 3 SENSITIVENESS TO DIRECT MECHANICAL SHOCK 

b. 

Rotter Impact Test 

Figurs of Insensitiveness 
3 

Mean Gas Volume, cm 

Ball & Disc Test (Primary Explosives Only) 

Height, cm 50% Frob. of Ignition 

70    (against RDX = 80) 

No gas evolved 

CLAUSE 4A. SENSITIVENESS TO FRICTION 

MALLET TEST   (ExT
t ressed as percentage) 

1 
MALLET 

ANVTL j 

Boxwood Steel 

Yorkstone 50 100 

Hardwood 0 0 

Softwood 0 0 

Mild Steel ) 

Naval Brass Not tested 

Aluminium Bronze ) 

CLAUSE 4B. SENSITIVENESS TO fRICTIONAL IMPACT 

GLANCING BLOW TEST (Minimum Ignition Energy), joule 

a. Steel on Steel 
b. Brass on Steel 
c. Steel on Bakelised Cloth 
d. Brass on Bakelised Cloth 

2.9 
9.7 
3.9 
3.3 
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Sheet 3 

ESA: S.C.T. No. 34 

CLAUSE 5 TEMPERATURE OF IGNITION (Degrees Celsius) 

Not under 400 C 

CLAUSE 6 IGNITION BY FLASH 

Explodes 

CLAUSE 7 BEHAVIOUR ON INFLAMMATION 

Ignites and supports train vigorously throughout 

CLAUSE 8 IGNITION BY ELECTRIC SPARK 

Ignitions at 4.5 joule but not at 0.45 joule 

CLAUSE 9 CHEMICAL STABILITY 

Should be satisfactory if kept dry. 

CLAUSE 10 INCOMPATIBILITY WITH OTHER MATERIALS 

Avoid contact with acid, alkali, phosphorous, 
sulphur or mixtures containing sulphur (such as 
gunpowder). 

CLAUSE 11 ADDITIONAL INFORMATION 

REMARKS: 

Warning is given that Photoflash Composition 
containing Potassium Perchlorate will develop 
explosive violence when ignited.      From experience 
in the UK and USA it is essential that ail operations 
of mixing, pressing etc.  should be carried out behind 
adequate shields and by remote control. 

& vj.ti «T\/»«*N. 

(D.J. Pinson) 
HEAD, EXPLOSIVES TESTING GROUP 
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EXPLOSIVENESS AND HAZARD ASSESSMENT 

P.J. Hubbard 
P.R. Lee 

and 
D.G. Tisley 

Royal Armament Research and Development Establishment 
Sevenoaks, Kent, England 
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SUMMARY 

This paper describes the basis for the development of a test for 
assessing explosiveness, which is defined as the relative level of 
response of an explosive system to initiation by stimuli insufficient 
to produce detonation directly. Comparisons of explosiveness have 
been made for different explosives using systems of widely different 
size and giving differing levels of confinement. 
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INTRODUCTION 

Accidental initiations of confined explosive charges can be 
devastating even when the explosive does not detonate but merely 
deflagrates. Numerous methods already exist ::or the assessment of 
the relative ease with which a response in exjJosive compositions 
can be initiated by a variety of stimuli.  Two examples are the well- 
known Rotter Impact Test and the Mallet Friction Test. 

The aim of the present study is to develop a test procedure for 
determining the relative "explosiveness" of explosive compositions 
under a range of i onfinement conditions. As used here, the term 
"explosiveness" is  defined as the relative level of response of an 
explosive system to initiation by mechanical and or thermal stimuli 
insufficient to produce detonation directly. 

EXPERIMENTAL CONDITIONS AND RESULTS 

The compositions examined are listed, together with some of their 
composition details, in Table 1. 

The test vehicles used for the majority of the investigations 
were the RARDE Small Burning Tubes.  These are mild steel tubes 
254 mm long by 32 mm internal diameter having 6 mm thick walls and 
with screw-on caps having 6 mm thick end faces. 

Approximately 350 g of each of 4 propellant and 12 high explo- 
sive compositions were confined in such tubes and ignited at one end 
by means of 1.5 g charges of ballistite propellant.  The passage of 
the burning process along the charge was followed bv observing the 
emission of reaction products from a line of 2 mm diameter holes 
along the length of the tube.  The holes were either drilled through 
the tube wall only, in which case they extended to the charge surface, 
or they were extended to the charge centre by means of hollow bolts. 
A permanent record of eac . event was obtained by high speed cine 
photography at 14,000 to 16,000 pps. The relative explosiveness of 
each composition was accessed from the following measurements (i) the 
time to tube rupture, (ii) the amount of unconsumed explosive and 
(iii) the number and type of fragments produced. A longer time to 
tube rupture, a larger quantity of unconsumed explosive remaining and 
fewer, larger fragments indicate a lower explosiveness. 

The results from experiments using these small scale tubes are 
presented in Table 1, arranged in descending order of explosiveness. 
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The results of the small scale burning tube trials possibly tell 
only a part of the story since no consideration of the effects of 
scale and confinement has been taken into account. 

To examine the effects of scale, the RARDE Large Burning Tubes 
were designed and constructed. These are mild steel tubes 711 mm 
long by 102 mm internal diameter with 12.7 mm thick walls and having 
screw-on caps with 12.7 mm thick end faces. 

Approximately 9 Kg of each of 10 explosive compositions were con- 
fined in these tubes and initiated at one end by 3 g of ballistite 
propellant. The relative explosiveness of the 10 compositions studied 
was assessed using the same 3 basic measurements that were employed 
in the small scale experiments. The results obtained from these 
larger scale trials are shown in Table 3 in descending order of explo- 
siveness. 

It appears that there are no major differences between the results 
of the two series of experiments shown in Tables 2 and 3 despite a 30- 
fold difference in charge mass and a 2-fold difference in tube wall 
thickness. Thus, although the potential to cause damage increases 
with charge size, the order of explosiveness, i.e., the relative posi- 
tions of the different explosive fillings, remains essentially the 
same. 

In order to examine the effects of light confinement, tubes of 
the same internal dimensions as the Small Burning Tubes, but having 
a wall thickness of only 1.6 mm were constructed. These tubes had 
press-o»- end-caps since the wall thickness was too thin to allow the 
cutting of screw threads. The end confinement was provided by hold- 
ing the tubes and end-caps between the heavy, opposed faces of a screw 
jack. 

RDX/TNT 60/40 and TNT were the only compositions studied using 
this equipment. The explosiveness in each case was found to be ex- 
tremely low, the deflagration process fading and extinguishing soon 
after initiation. The results obtained from these experiments under 
conditions of low confinement are shown in Table 4. 

DISCUSSION 

The results from both the Small and Large Burning Tube experi- 
ments suggest that a range of explosive compositions can be consis- 
tently ordered into a table of decreasing explosiveness when under 
conditions of moderate confinement representative of that found in 
HE shell or GW warheads. It is found that melt-cast explosives such 
as RDX/TNT (60/40) Type A, EDC1A, etc, have the highest deflagration 
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velocities, produce the largest number of fragments and are most 
completely consumed, i.e., have the greatest explosiveness.  Plastic 
and plastic-bonded explosives tend to have the lowest explosiveness. 
Pressed waxed compositions are intermediate in behaviour. Added 
aluminum and terylene or other fibres appear to reduce explosiveness. 

An interpretation of these observations is as follows. Dif- 
ferences will exist in the linear rate of burning and the pressure 
exponent between different explosive compositions similar to those 
found between different propellant systems.  Overlaid on this phe- 
nomenon is the effect of the brittleness of the composition.  The 
more brittle and easily cracked a composition is, the easier it will 
be to create new surface as the initial pressure-pulse from the ignit- 
ing propellant and explosive passes through it.  Increased surface 
will cause the rate of deflagration to accelerate and the pressure in 
the container to rise more rapidly. The use of inert fibres will tend 
to prevent the cracking by acting as reinforcement and the use of 
plasticizing agents and/or certain inert additives will tend to re- 
duce the brittleness of the explosive. The presence of aluminum in a 
composition probably also reduces the violence of a deflagration by 
acting as a heat sink. 

The results obtained using the thin-walled small scale burning 
tubes suggest that there is a lower limit to the confinement below 
which most secondary explosives cannot sustain significant burning 
processes. The early loss of confinement by venting through the dis- 
torted casing leads to the deceleration and possible extinction of 
the deflagration reaction.  The apparently anomalous results which 
have sometimes been observed when thin-walled munitions are involved in 
accident situations are probably due to such a confinement loss. On 
the other hand, there must be an upper limit to the confinement above 
which a deflagration to detonation transition may take place. The 
damage occurring from a non-detonative initiation may then depend on 
the detonative characteristics of the explosive. 

The level of confinement in the case of most, if not all, con- 
ventional munitions appears to fall between these two limits and with- 
in this regiue the hazard order shown in Tables 2 and 3 will remain 
valid irrespective of charge size. 

To date no work has been conducted under conditions of very 
heavy confinement. However, work carried out to investigate the 
mechanism of premature initiation of one particular service shell 
during training firings indicated that, even with the massive confine- 
ment afforded by the shell and barrel of the weapon, the 14 kg of 
RDX/TNT in this base ignited shell merely underwent a rapid deflagra- 
tion. The fragmentation of the shell was extensive, but was neverthe- 
less typical of a pressure burst. 
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CONCLUSIONS 

The Small Burning Tube experiments form the basis for the develop- 
ment of a standard test in that they have shown that it is possible 
to construct a scale of relative explosiveness of different explosives 
under conditions of moderate confinement.  This explosiveness scale 
has been derived from 3 numerical quantities which are not readily 
amenable to combination into a single parameter. 

The explosiveness of an explosive system is a function of (a) 
confinement and (b) explosive type.  The factors controlling the be- 
haviour of different explosive types are their mechanical properties, 
particularly brittleness and their linear burning characteristics, 
with the latter being dependent upon confinement. 

Under conditions of low confinement the 2 explosive types? studied 
(TNT and RDX/TNT) behaved similarly, the observed events apparently 
being the result of similar linear burning rates with the confinement 
having little effect.  In contrast, under conditions of moderate con- 
finement the relative explosiveness appears to be controlled by both 
the properties of the explosive and the confinement.  It is unlikely 
that sufficient confinement exi is in present types of shell, bombs, 
mines or GW warheads to enable a deflagration to detonation transition 
to occur with the explosives used. 

Definite safety benefits can accrue from the choice of an explo- 
sive munition filling of low explosiveness without necessarily causing 
a loss of detonative performance.  Plastic explosive No. A (PE 4) con- 
taining 88% RDX and a desensitising grease made up from liquid paraf- 
fin and lithium stearate would make an excellent filling if low explo- 

siveness and high velocity of detonation (8200 ms  ) were the most 
significant criteria in munitions filling design. However, the safety 
problems arising from migration of desensitiser in the charge and 
exudation from it must also be taken into account.  Nevertheless the 
explosiveness characteristics of PEA indicate a direction which could 
be taken to improve the safety characteristics of future filling com- 
positions, namely a move towards plasticity and/or high resistance 
to cracking. 

Copyright (T) Controller, HMSO, London, 1977 
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SAFETY REQUIREMENTS FOR NAVAL ARMAMENT STORES 
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ABSTRACT 

In the United Kingdom the responsibility for the safety from 
explosive hazard of all Naval Armament Stores and any explosive 
stores of other Services embarked on HM Ships or Royal Fleet Aux- 
iliaries is vested in the Director of Naval Ordnance Services (DN Ord 
S). 

To assist in effecting this task DN Ord S has issued a document 
which incorporates the requirements to be met in order that a formal 
safety clearance may be issued. Although many of the requirements 
are common to other publications such as those issued by Design 
Authorities and the Ordnance Board the manual aims to assemble 
together all the safety requirements for Naval Explosives stores in 
one volume. 

The subject matter includes explosives, filled explosive stores 
of all types, guns and mortars and their ammunition, rocket motors 
and gas pressure generators, packaging, test equipment, environmental 
testing and the response to fire and fragment attack. 

This presentation aims briefly to give a background to the 
topics meiitioned above, to outline the requirements and provide an 
appreciation of the requirement in terms of the objectives which any 
particular test or assessment is intended to achieve. 

For explosives a number of mandatory tests have been specified 
largely thoso aimed at assessing the sensitiveness to various 
stimulii of small quantities of the powdered explosive.  However, the 
requirement to assess the material in the form in which it will be 
used in the Service application has also been included as desirable 
information particularly the assessment of explosiveness. 

It is considered essential to assess the compatibility of 
materials used in explosives stores.  Any interactions of either 
metallic or nonmetallic materials which cause the explosive filling 
to become unsafe or which degrade the materials (explosive or non- 
explosive) to a level which cause unacceptable performance are 
classified as incompatible. 

The standards to be adopted in terms of the design, quality, and 
processing of filled explosive stores are defined. 

Requirements specifically dealing with detonators, fuzing 
systems, electro explosive devices, guns, shells, cartridges, rockets, 
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gas generators and pyrotechnics are covered for aspects uniquely 
applicable to such items. 

Packaging is considered an important element in the protection 
from hazard afforded by containers and the design requirements in re- 
spect of freedom from static electrical hazards, thermal and mechan- 
ical shocks, and marking are included. 

The conditions arising during deployment of explosive stores 
both in storage depots and at sea necessitate the adoption of an 
environmental trials programme.  The schedule specified in the 
Ordnance Board's Proceedings on this subject have been incorporated. 

The hazards caused by fires at sea are particularly dangerous 
and the assessment of the response of explosives stores which may be 
exposed to this risk are required to be undertaken. 

The safety of explosive stores especially those mounted or 
exposed on the upper decks of ships and subjected to fragment attack 
is of concern both in peacetime from the activities of dissidents or 
saboteurs and in war due to hostile missiles.  An assessment of the 
response to such attacks is mandatory in current Naval Staff Re- 
quirements and is included in the DN Ord S safety requirements 
manual. 

SUMMARY 

The Safety Requirements for Armament Stores for Naval Use are 
stated and discussed.  The stores considered are all those containing 
explosives, propellants and pyrotechnics and this paper gives the 
background to the topics, outlines the requirement and gives an 
appreciation of the objectives with regard to freedom from hazard 
which any particular requirement is intended to achieve. 
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INTRODUCTION 

The Director of Naval Ordnance Services (DN Ord S) is respon- 
sible for the safety from explosive hazard of all Naval Armament 
Stores at all times and of the stores of the other Services during 
such times as their storage or carriage is the responsibility of the 
Royal Navy.  (Vu Foil 1). A new store cannot enter the Naval Service 
until an explosive safety clearance has been issued by UN Ord S.  The 
overall clearance procedure for the introduction of a new armament 
store into the Navy is described in the Naval Magazine Regulations 
(Ref 1). 

The requirement is to ensure chat appropriate explosive safety 
standards are incorporated in the design and are not degraded by 
subsequent modifications to design, by production or by the Service 
environment.  In particular, apparently slight changes to explosive 
materials or to the materials in contact or close proximity to them, 
must be carefully reviewed.  DN Ord S Safety Requirements are clearly 
identified (Ref 2) so that Project Directors who are responsible for 
the procurement of armament stores for Naval use can ensure that the 
design, production, storage, transport and use safety requirements 
are met.  They have been written in general terms for all armament 
stores which can be defined as weapons or stores containing explo- 
sives, propellants or pyrotechnics. 

Although the safety requirements are based on design principles 
that have been adopted by Design Authorities, published by the 
Ordnance Board or stipulated in other publications and specifications 
it is considered necessary to collect together all the relevant re- 
quirements in one volume so that those special to the Naval Service 
are clearly identified and matters not relevant to the safety of 
Naval Armament Stores are excluded.  Generally some background to a 
particular topic is given, a statement of the requirement made and 
this is followed by an appreciation of the requirement and a biblio- 
graphy of related documents. 

DN Ord S wishes to acknowledge the assistance given by many 
sources to the compilation of these Safety Requirements. 
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SAFETY REQUIREMENTS FOR EXPLOSIVES 

These apply to new explosives and novel applications of ex- 
plosives already in Naval Service.  It is emphasized that approval is 
for an explosive as such and does not cover the weapon designers 
responsibility to demonstrate the safety and suitability of a par- 
ticular explosive in a particular weapon.  The aim in this instance 
is to encourage weapon designers to seek approval at an early stage 
of weapon development and it should be obtained if possible before a 
firm decision to incorporate a new explosive in a weapon design has 
been made. 

Minimum mandatory data and additional supplementary desirable 
information provided bv certain tests have been established.  No 
pass-fail criteria on acceptability have been laid down for particu- 
lar tests since it is intended that judgements will be based on 
comparison with explosives of proven Service experience fulfilling 
similar roles.  The requirements apply to all compositions whether 
they are primary, intermediary, secondary, propellant or pyrotechnic 
explosives. 

Descriptions of the details of the types of information required 
and tests used in this instance are included in the paper given by 
Dr. R.M.H. Wyatt (Vu Foil 2) and largely comprise the results of the 
small scale sensitiveness tests of the UK Safety Certificate (Ref 3) 
together with the results from such larger scale assessments as 
spigot intrusion, gap, oblique impact, Susan, vertical activator, 
burning tube, fragment attack and large sealed vessel tests (Vu Foil 
3). 

Appreciations of the indications given by the results of apply- 
ing the various small scale tests with respect to the stimuli applied 
are given in the paper by Dr. R.M.H. Wyatt with particular reference 
to propeHants.  In general only sensitiveness is assessed. Descrip- 
tions of the larger scale tests together with appreciations of the 
value of the information provided to the assessment of hazard are 
given in Reference 4.  These tests provide a means of assessing 
explosiveness as well as sensitiveness (Vu Foil 4). 
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COMPATIBILITY OF MATERIALS USED IN WEAPONS 
AND STORES CONTAINING EXPLOSIVES 

The requirement is aimed at ensuring that the metallic and 
nonmetallic materials used shall be such that they do not render the 
explosive filling unsafe or cause unacceptable inferior performance 
at any time during the life of the weapon or store.  An acceptable 
material is defined as one which does not interact adversely either 
chemically or physically with the other materials of the design 
including packaging materials. 

All materials which are ingredients of explosive compositions or 
which come into contact with explosives must be assessed for com- 
patibility.  The responsibility for carrying out the assessments lies 
with the Propellant, Explosive and Rocket Motor Establishment (PERME) 
Waltham Abbey who must be supplied with the mate'ial, its speci- 
fication and details of the explosive(s) with which compatibility 
assessment is required. 

The test methods used and sentencing criteria depend on the 
nature of explosive.  In general the principle of accelerated deg- 
radation is applied by using elevated temperatures and where appro- 
priate high humidities.  These methods enable an estimate for the 
suitability of a material for long term use under service conditions 
to be made in a relatively short time. 

Physical compatibility considerations are not neglected and such 
changes as melting and resolidification, polymorphic changes and 
changes of crystal habit which may influence the sensitiveness of 
explosive fillings must be considered. 

SAFETY REQUIREMENTS FOR EXPLOSIVE FILLED STORES 

The requirements here are primarily applicable to high explosive 
fillings although many also apply to solid propellant and pyrotechnic 
fillings.  The aim is to ensure that in the course of its service 
life when it will be subjected to various environmental conditions 
which m?y include, temperature variations, shocks, (including set 
back in projected stores), vibrations during transport by road, rail, 
sea or air that the filling will withstand these and retain an 
adequately low sensitiveness to the stimuli which it may experience 
in normal use.  The basic safety characteristics of the explosive 
have been dealt with earlier but it is essential to follow this bv 
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an evaluation of the explosive in its Service hardware and environ- 
ment.  The assessment must consist of development and qualification 
trials incorporating appropriate tests.  The selection of tests to be 
performed may be based on a definition of the real-life service 
environment (Ref 5).  The tests are performed on packaged and un- 
packaged stores and proposals by the Design Authority for a trials 
schedule should be made from the comprehensive lists given in Refer- 
ence 6.  For Naval use it is important that the schedule includes 
drop tests for both packaged and unpackaged stores. 

SAFETY REQUIREMENTS FOR DETONATORS, IGNITERS, 
FUZING SYSTEMS AND ELECTRO EXPLOSIVE DEVICES 

These items usually contain sensitive explosive compositions and 
the requirements include designs to prevent explosive being trapped 
between adjacent metal surfaces when the device is subjected to shock 
or vibration, compatibility of all the materials used, avoidance of 
copper rich alloys in detonators containing lead or silver azide and 
for fuzing systems compliance with the design safety principles pub- 
lished by the Ordnance Board in References 7, 8 and S.  In addition 
to the design requirements it is necessary for the devices to be sub- 
jected to a series of tests to ensure safety and reliability.  The 
tests are selected from the lists already mentioned above and des- 
cribed in Reference 6.  Electroexplosive Devices (EED) are poten- 
tially susceptible to the electromagnetic environment and the require- 
ment includes freedom from hazard in the standard Naval radio environ- 
ment detailed in Naval Weapons Specification No. 6.  In addition EED 
must conform to the principles and requirements of the Ordnance Board 
and Design Authority given in References 10 and 11. 

SAFETY REQUIREMENTS FOR GUNS AND GUN AMMUNITION 

The calculation of gun tube strength must be based on the ap- 
propriate criterion of elastic failure of the steel.  The Pressure 
Limit must be the maximum pressure the gun can withstand without de- 
forming sufficiently to effect operation or accuracy.  In practice 
this means a circumferential bore strain of 0.07 per cent for smaller 
calibres and 0.03 per cent for larger calibres.  In addition to the 
design requirements guns must be proved by subjecting them to firings 
which include pressures 20 per cent above the ballistic design pres- 
sure. 

The design of the firing arrangements must be such that the 
striker is "safe" before it is assembled or dismantled from the mech- 
anism and the condition "safe" or "fire" must be indicated.  In the 
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"safe" position it must be shown that the gun cannot fire even when 
the firing gear is operated, a loaded gun cannot be fired when the 
striker is being dismantled or assembled, and after firing the striker 
shall be withdrawn before the bolt or breech block is free to open. 
For electrical or combined percussion and electrical strikers adequate 
insulation must be provided.  A mechanical means to prevent the gun 
being fired before the breech is fully closed is required. 

Shell and projectiles are required to be designed to withstand 
the forces to which they will be subjected and in addition must be 
subjected to trials which demonstrate both the adequacy of the 
strength of design and the safety in gun of the projectile.  Details 
of the requirements are given in References 2 and 12.  Projectiles 
are subjected to high base loading, high axial and for shell high 
rotational accelerations and because of this it is necessary to 
ensure that the body is free from internal defects which if present 
could result in premature initiation of the filling.  The criteria to 
be used are freedom from (a) imperfections in the internal surface 
(b) foreign matter and (c) rust.  In addition samples of both filled 
and empty shell must be subjected to sectioning examination and 
mechanical tests.  The stringent requirements for manufacture and 
inspection of shell are given in Reference 2. The propulsive element 
of gun ammunition is conveniently considered in terms of the car- 
tridge case, propellant and primer.  Safety requirements for cases 
include providing protection for propellant during storage, transit 
and handling, withstanding the forces applied during unseating and 
extraction and supporting and retaining the projectile during stor- 
age, handling and ramming. The safety requirements for propellant as 
such have been dealt with under the heading of explosives.  The 
particular safety requirements relevant to gun propellant are its 
stability and mechanical strength. The ignition system or primer is 
required to provide rapid and regular ignition of the charge both to 
avoid hang fires and misfires and to ensure minimum variation in the 
time to shot ejection after actuation of the firing mechanism. 
Primers are required to be subjected to the testing and proof speci- 
fied in the relevant specifications. 

SAFETY REQUIREMENTS FOR ROCKET MOTORS 
AND GAS GENERATORS 

Solid propellant rocket motors must be designed to have adequate 
strength and stiffness.  The mandatory factors must be met in rocket 
motors for Naval use. The proof of the design factors must be 
demonstrated by suitable testing. Similar requirements exist for gas 
generators employed in weapons and the strength requirements as with 
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rocket motors fall Into two categories (A) when failure could injure 
personnel or damage other parts of the weapon system so as to prej- 
udice subsequent firings and (B) where failure would not injure 
personnel or damage other parts of the weapon system so as to prej- 
udice the firing of subsequent weapons. 

SAFETY REQUIREMENTS FOR PYROTECHNIC COMPOSITIONS 

The requirements for explosives with regard to sensitiveness and 
hazard assessment and compatibility as given previously apply in the 
case of pyrotechnics.  Additional requirements for pyrotechnic stores 
and devices include designs to prevent nipping of powder or consoli- 
dated charges, hermetic sealing to prevent moisture ingress, mini- 
mization of segregation when subjected to the service environment and 
trials to demonstrate that the consequences of credible accidents are 
acceptable.  The complete pyrotechnic store must be subjected to the 
appropriate environmental tests as determined by and specified in 
References 5 and 6. 

THE RESPONSE OF EXPLOSIVE STORES TO FIRE 

Fires are particularly hazardous aboard ship and the more so 
when explosive stores are involved. New weapons and explosive stores 
must be so designed that when subjected to a Standard Fuel Fire (Ref 
13) they will not explode or detonate. A theoretical assessment of 
the response to fire must be made at an early stage of Project 
Definition. 

RESPONSE OF EXPLOSIVE STORES TO BULLET OR 
FRAGMENT ATTACK 

An assessment of the response to attack by 7.62 mm AP bullet, 
Weapons A(l) must be made either by trial or analogy and the need to 
assess the response to attack by 0.5 inch AP machine gun (A2) 20 mm 
cannon (B) and 84 mm HEAT (C) shaped charge considered on a case by 
case basis by the Project Director in association with DN Ord S and 
the Ordnance Board.  The required response to attack by weapon A(l) 
is that the explosive store shall not detonate or explode.  The pri- 
mary attention should be given to high explosive warheads since 
detonation of one may lead to sympathetic detonation of adjacent war- 
heads.  In general the attack of rocket motors results only in burn- 
ing and/or deflagration although with certain high energy propellant 
and the B or C weapons detonation cannot be ruled out. 
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CONCLUSION 

DN Ord S with the support and assistance of the Naval Project 
Authorities, Research Departments and Ordnance Board has issued a 
manual (Ref 2) which clearly identifies the Safety Requirements for 
Naval Armament Stores.  It is intended that Project Directors should 
invoke compliance with these requirements in the procurement of such 
stores. Any design which falls below the required standard should be 
identified by a Project Manager and considered in association with DN 
Ord S as early as possible in the weapon development. 
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INTRODUCTION 

Pyrotechnic formulations are employed in a wide variety of 
ammunition and ammunition components.  Conventionally they provide 
radiant energy in the visible and infrared regions and are used as 
illuminants, signals and markers, tracers, night vision aids and 
decoys. Pyrotechnic formulation research and development require 
various tests to provide the understanding of the nature of the 
reactions, define the performance of the formulations, and assess 
their safety under a given set of environmental conditions. 

In this presentation only some key performance tests will be 
covered. These tests are listed in Table 1 and will be described in 
the sequence listed. 

Table 1 

Key performance tests of chemical formulations 

Application 

Illumination, night vision, 
signal, tracer, marker 

Test 

1. Spectral distribution 

2. Color coordinates 

3. Luminous intensity 

Decoy 1. Spectral distribution 

2. Bandpass radiometry 

ANALYSIS OF SPECTRAL DISTRIBUTION AND THE 
COLOR COORDINATES 

In the past the performance on pyrotechnic formulations was 
assessed primarily on bandpass radiometric measurements, though a 
limited utilization of spectral analysis, especially in the visible 
spectrum, was done using photographic emulsions as detectors. 
Radiometric methods are simpler than the more involved and difficult 
procedures associated with spectral analysis. 
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Particular difficulties stem from the fluctuations of pyro- 
technic flames, generating outputs which are not easily adaptable to 
conventional single scan techniques.  Short scanning times generate 
spectral distortions caused by the nonsteady-state character of 
flames. Long scanning times, permitting large electrical time 
constants to smooth out signal fluctuations, require large items and 
controlled feeding of the fuel to the flame to generate flame 
stability. The preponderant dependence on radiometric testing parti- 
cularly limited the research, as spectral analysis also provides an 
identification of species and makes possible the prediction and 
analysis of the chemical reactions taking place. The data analysis 
required to transform spectrometric waveforms into final spectra was 
also tedious, extensive and expensive. 

With the development of commercially-available digital signal 
averaging systems, the past shortcomings could be reduced. The OCLI* 
Model 501 Rapid Scan Spectrometer provides fast sequential spectral 
analysis, with the period of scanning of the order of one millisecond. 
This instrument was interfaced with an instrument computer, the 
NICOLET Model 1080, capable of synchronous addition of sequential 
scans obtained from the rapid scanner. This addition (averaging) of 
sequential spectra eliminates erratic fluctuations of single spectra, 
caused primarily by the in homogeneity of the pyrotechnic material. 
Reproducible sprectra that reflect the predominant reactions taking 
place during combustion are obtained. 

The arrangement of this instrumental capability is shown in 
Figure 1, Signal-averaging spectrometric apparatus, showing the 
spectrometer on the right, and the computer, X/Y recorder and 
teletype machine next in sequence to the left.  Schematic of the 
spectrometer is reproduced in Figure 2.  The optics is a conven- 
tional geometry of a grating spectrometer. Rapid scanning is obtained 
by means of a well-balanced scanning wheel, equipped with multiple 
corner mirror elements placed on its periphery. The wheel rotates 
around its axis by means of a synchronous motor and a belt drive to 
provide separation from 60 cycle AC signals. The passage of each 
corner mirror across the M,. mirror sweeps consecutive spectra across 
each of the two exit slits, resulting in two series of consecutive 
spectral waveforms, generated by energy sensors placed behind the 
slits. The lateral displacement of the two slits is so arranged, 
that the two spectral waveforms correspond to two slightly over- 
lapping wavelength intervals. This geometry, equivalent to two 

*0CLI  Instruments Company, South Norwalk, Connecticut 
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Fig 1 Signal-averaging spectrometric apparatus, showing the 
spectrometer on the right, and the computer, X/Y recorder 
and teletype machine next in sequence to the left. 
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spectrometer units working in parallel, increases the spectral range 
of the system by a factor of two.  The spectral coverage of the 
spectrometer is shown in Table 2, which also includes the available 
scanning times. The original capability of the spectrometer pro- 
vides for a sequence of short X  and long X  signals, that are dis- 
played on an oscilloscope.  This is shown in Figure 3, which is a 
reproduction of data obtained originally by the manufacturer. 

In their original form the signals are not wavelength cali- 
brated. Also because the detectors are not flat, the obtained 
waveforms do not represent the true spectral contours.  True spectra 
must be recovered from the original data by suitable data analysis. 
This is done in a real time by digital methods, utilizing the 
NICOLET Model 1080.  By means of this system the two trains of 
spectral waveforms corresponding to shorter and longer wavelength 
interval are sequentially added and stored in 20 bit word memory 
with a resolution of 1000 words for each wavelength interval.  The 
signal stored can be recovered as a print-out, or an X/Y output and 
available for further data analysis. 

To demonstrate the signal averaging capability in a laboratory 
environment a nonsteady-state source was synthesized by placing in 
the field of view of the spectrometer two sources, a DC tungsten and 
an AC mercury discharge lamps.  Figure 4 shows an X/Y plot of the 
memory content corresponding to various numbers of scans averaged, 
including the waveform of a single scan. Excellent elimination of 
the signal noise and a recovery of a true average is clearly observ- 
able. 

The process of signal averaging is followed by an automated 
data analysis, done under software control, which provides for a 
sequence of suitable routines, controlling various stages of experi- 
mental procedures. Under control of these routines the computer 
memory is made to accept certain standard information.  For each 
spectral range this standard information comprises the spectral 
distribution of the standard source and the spectral contour of the 
spectral sensitivity of the bandpass radiometer, a parallel system, 
used to evaluate the output of the unknown source. This sensitivity 
distribution is then utilized to establish the absolute value of the 
spectrum. This standard information is stored permanently in a 
separate memory block containing 2000 words. The contents of this 
memory block, pertaining to the range of the visible spectrum, is 
shown in Figure 5.  It includes the y(X) which is the spectral 
sensitivity of the radiometer measuring the luminous intensity_of 
the source.  It also represents one of the three (x(A), y(X), z(A)) 
color matching functions, all prestored and used later to evaluate 
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Fig 4  Recovery o! true sign»! through signal averaging 
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the color coodinates of the source. With system primed with this 
standard information, a system of additional routines controls all 
steps of the experimental procedure. The list of routines is shown 
in Table 3. 

Table 3 

List of computer routines 

Call symbol Purpose 

AST Array set 

RD Read a standard tape 

WVG Wavelength calibration 

CAL Amplitude calibration 

TST Test 

PCL Plotter calibration 

PLT Plot 

ABS Absolute level set 

CUR Cursor control 

By means of these routines the system is primed and calibrated; 
the unknown signal is accepted and averaged; the system spectral 
sensitivity is calculated, stored in memory and used to obtain the 
true spectral shapes; the overlapping, and low sensitivity end seg- 
ments of the spectrum rejected and the two corrected spectra com- 
bined into one. Finally radiometer readings are fed and the final 
spectrum, absolutely calibrated and a digital printout or an X/Y 
analog plot generated. 

The resultant capability provides a real-time system, where 
once the system is primed with standard information arrays, the data 
analysis is essentially instantaneous. 

To visualize the transformation of the spectrometer signal into 
the final spectrum, a single waveform, identical to those shown in 
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Figure 4 is pictured above the final fully corrected relative spectrum 
(Fig 6), which at the end of the test routine is stored in computer 
memory with a resolution of approximately 2000 words/whole spectrum. 
The continuous base line corresponds to a gray body radiation and 
the line structure to that of the mercury spectrum. Signal averaging 
resulted with a complete elimination of the signal noise in the 
original spectrum. 

BASIC MATHEMATICAL OPERATIONS OF SPECTRAL ANALYSIS 

Each complete test consists of two basic separate steps. The 
first step results in an evaluation of the spectral sensitivity at 
each point of the resulting signals. This is the so-called "Cali- 
bration" routine, during which a standard source is viewed by the 
spectrometer and its signal averaged. The average signals are simi- 
lar to that shown in Figure 4 with an exclusion of the mercury 
structure, which would be absent. The spectral sensitivities are 
defined as 

* * 
V*) I (X) 

Sl(X) * V^T   and   S2(X) = ~*  (i) W (X) W (X) 

for short X and long X parts of the signal. These sensitivities are 
calculated and stored permanently in the memory block next to the 

energy standard listing (Fig 7). Here I is the spectral current 

(voltage) of the scan and W , the corresponding energy of the standard. 

In the next step the actual test is performed, during which the 
spectrometer views an unknown source and its average waveforms I^X) 
and I„(X) are obtained. The true relative spectrum are then 

I,(X) I2(X) 

VX)  ■ <qw and VA) - vxr <2> 

where S.(X) and S«(X) are given by (1). 

Cursors are available to properly reject the low signal and 
segments and the overlapping portions of the two spectra W.(X) and 
W. (X), which then are combined into one continuous relative spectrum 
VT(X). 
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The absolute level of this relative spectrum W (X) is obtained 
by means of a separate radiometer which measures the output of the 
unknown source in a given wavelength interval AW between X- and 
X„ assuming a perfectly square filter. The procedure is covered under 
uminous and infrared radiometry. This output is given by luminous 

X? ^2 

AW = / W (X) dX = / C W (X) dX 

X! a       *i 

(3) 

where 

r    x 
Aw (4) 

X 
/ W (X) dX 

x, r 

Therefore the absolute spectrum 

W (X)  = C W (X) 
a        r 

DETERMINATION  OF  COLOR COORDINATES 

The color coordinates x,y,z are given by three expressions 

(5) 

x = X + Y + Z 
(6) 

where 

Y (7) 
y * X + Y + Z 

Z (8) 
z ' X + Y + Z 

X -    / z(X)  W(X)  dX; (9) 
o 
oo 

Y - /    7(A)  W(X)  dX; (10) 
o 
oo 

Z - /   1(A) W(X) dX (ID 
o 
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Here x,y,z are the ICI tristimulus functions (Fig 5).  The available 
relative spectrum are used to obtain the color coordinates X,Y,Z. 

EXAMPLES OF SPECTRA 

Examples of spectra, generated by the described Rapid Scan, 
Signal Averaging Spectrometer are shown. Figure 8 represents the 
spectrum of the standard source which was viewed by the system as an 
unknown source. The spectrum represents the gray body contour, ex- 
pected from the tungsten output.  The wavelength is calibrated in 
millimicrons and the energy in watt/ster/millimicron. Various units 
can be used, depending on whether point source outputs or the bright- 
ness of an extended source are measured. Additionally a digital 
print-out is obtainable.  The print-out of the same energy standard 
is designated as Table 4.  The color coordinates X,Y,Z are calcu- 
lated and printed (top left corner). Right under the values of the 
color coordinates is the luminous output, entered into the keyboard 
as L(Abs) = 1000 lumens. This value is then used by means of Equa- 
tions (3), (4) and (5) to establish an absolute level of the spectrum. 
The lower part of the print-out lists the wavelengths and the cor- 
responding energy values. 

A sample of a signal averaged flare spectrum is given in Figure 
9 and its print-out listed in Table 5. The absolute level was 
established by a separate luminous intensity radiometer.  The meas- 
ured luminous intensity L(Avg) = 216000 lumens was entered into the 
teletype keyboard, which established the absolute level of the 
spectrum.  Similar spectra are obtainable in the remaining spectral 
regions listed in Table 2. 

LUMINOUS INTENSITY MEASUREMENTS 

The values for luminous intensities and measuring ranges, that 
are commonly encountered, correspond to large energy fluxes. There- 
fore the required detectors and electrical circuitry do not have to 
be optimized for highest signal to noise ratios.  Solid state detec- 
tors such as the selenium barrier-layer photodiode with a Weston 
Viscor photopic filter or a silicon photodiode with a suitable 
photopic filter are used for most of the conventional measurements. 
These diodes are calibrated against an NBS calibrated tungsten 
filament lamps.  Both the standard and the detector is positioned on 
an optical bench, equipped with suitable enclosures and baffles. 
The lamps are the nominal 1000 watt aircraft beacun lamps uhich 
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TST 

Table 4 

Printout of an N.B.S.  calibrated coil filament energy standard 

X= 4. 47409E-1 
Y= 4.C78 33E-1 
Z=    1.44756E-1 

AES 
L(AVC)=    1C00 

FACTOR= 1.O0000E7 

IM CREM Eli T= 5 

400.00\ 2.01850E-3 405.00V 2.20140E-3 410.rov 2. 40730E- 3 

415.00V 2.64240E-3 420.00V 2.86'540E-3 425.00V 3.09473E- 3 
430.00\ 3.36000E-3 435.00V 3.61 370E-3 440.00V 3.90 160E- 3 
445.00\ 4.22170E-3 450.00V 4.49520E-3 455.03V 4.84830E- 
460.00\ 5. 13910E-3 465.00V 5.52420F-3 470.00V 5.8183?E- "i 

475.00\ 6. 20820E-3 480.00V 6. 62830E-3 48 5.00V 6.9 180EE- 3 
490.00\ 7.34100E-3 49 5. 00V 7.76610E-3 500.0RV 8. 19090E- O 

505.00\ 8.63620E-3 510.00V 9.06100E-3 515.00V 9. 45660E- 3 
520.00\ 9.90900E-3 525.00V 1.04029E-2 53T.00V 1.S7474E- l~y 

535.00\ 1. 1 1999E-2 540.S0V 1. 17884E-2 5^5.00V 1.21904E- 2 
550.00V 1.27851E-2 555.00V 1.3I875E-2 563.00V 1.3 703 7E- 2 
565.00\ 1.42196E-2 570.00V 1.46290E-2 57 5.00V 1.51009E- 2 
580.00\ 1.58036E-2 585.00V 1.62258E-2 590.00V 1. 67C68E- 2 
595.00\ 1.7120 IE-2 600.00V 1.74941E-2 605.00V 1.S0995E- r_ 

610.00V 1.84747E-2 615.00V 1.90377E-2 620.0GV 1.9 5239 E- c. 

625.00\ 2.01058E-2 630.00V 2.08172E-2 635.00V 2.10377E- 2 
640.00\ 2. 16194E-2 645.00V 2.20185E-2 650.00V 2.27407E- c< 

655.00\ 2.28973E-2 660.00V 2.3628 1E-2 665.00V ^.37223E- c. 

670.00\ 2.41877E-2 675.00V 2.49070E-2 680.00V 2.53471E- C 

685.00V 2.56442E-2 690.00V 2.60790E-2 69 5.00V 2.63710E- 
700.00\ 2. 69 28 IE-2 705.00V 2.73530E-2 7 ID.0PV 2.77970E- •2 
715.00V 2.80556E-2 720.00V 2.84273E-2 725.00V 2.91222E- n 

730.00V 2.93481E-2 735.00V 2.93 59 4E-2 7*J0.00V 3.03G97E- c 

745.00V 3.08302E-2 750.00V 3« 1038 3E-2 755.00V 3. 1 1G9 3E- 
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.TST 

X= 5.03457E-1 
Y= 4.23904E-1 
Z=   7.26385E-2 

ABS 
L(AVG)= 216000 

Table 5 

Printout of spectral distribution 

TEST DATA 

)ATE : 
EST   ! 

IMPOSITION 
3IAMETER   : 
REMARKS   ! 

4 MARCH 74 

R-1688 
1.3 IN 
LOOK INK SIDE ON 
No  COLLECTING  OPTICS 

FACTOR= 5.00000E4 

INCREMENT= 5 

400.00\ 
415.00\ 
430.00V 
445.00\ 
460.00V 
475.00\ 
490.00\ 
505.00V 
520.00\ 
535.00\ 
550.00\ 
565.00V 
580.00\ 
595.00V 
610.00V 
625.00V 
640.00V 
655.00V 
670.00V 
685.00V 
700.00V 
715.00V 
730.00V 
745.00V 

4.84540E-1 
3.64940E-1 
3.99720E-1 
4.22220E-1 
4.37020E-1 
5.42700E-1 
6.70740E-1 
8.94220E-1 
9.58920E-1 
1.C4664E0 
2. 13230E0 
3. 14186E0 
6.43866E0 
7.10656E0 
5.O5522E0 
3.26044E0 
2.41966E0 
2.01444E0 
1.76556E0 
1.59 636E0 
1.46396E0 
1.26260E0 
1.31432E0 
1.28764E0 

405.00V 
420.00V 
435.00V 
450.00V 
465.00V 
480.00V 
495.00V 
510.00V 
525.00V 

540.00V 
555.00V 
570.00V 
585.00V 
600.00V 
615.00V 
630.00V 
645.00V 
660.00V 
675.00V 
690.00V 
705.00V 
720.00V 
735.00V 
750.00V 

4.21400E-1 
3.77480E-1 
4.28 380E-1 
5.76220E-1 
4.4756CE-1 
5.81920E-1 
1.09994E0 
9.71140E-1 
1.12102E0 
15798E0 
44188E0 
04766E0 
10184EC 
90542E0 

4.33448E0 
2.90378E0 
2.26396E0 
1.90668E0 
1.69950E0 
1.56128 EP 
1.41830E0 
1.33422E0 
1.30280E0 
1.28710EO 

410.00V 
42 5.00V 
440.00V 
455.00V 
470.00V 
485.0CV 

500.0CV    1 
515.00V 

530.00V   1 
545 
560 
575 
59 0 
605 
620 
635 
650 

,00V 
,00V 
,00V 
,00V 
,00V 
,00V 
■ 00V 
,00V 

665.00V 
68 0.00V 
69 5 
710 
725 
740 

,00V 
,00V 
,00V 
,00V 

755.00V 

1. 
2. 
5. 
8. 
5. 
3. 
p. 

2. 

3.69 100E- 1 
4.09840E-1 
4.97880E-1 
4.71500E-1 
4.78960E-1 
5. 94500r- 1 
.66938Ef1 
1.08 150E0 
.17022E0 
32314E0 
56794E0 
03932E0 
5056CE- 1 
98 1 1 6E0 
71084E0 
63270EP 
13042E0 
84288EP 
64434EP 
50190E0 
39250E0 
32886E0 
29858E0 
29 324E0 
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when operating on 110 volts and a current of 8 amps, produce nomi- 
nally 1500 candles. When used as standards, they are set at color 
temperature of 2854°K (Illuminant A). 

Each complete measurement involves two mathematically identical 
procedures, that of system calibration, followed by the actual test. 
In both the current from the photodiode is related to luminous flux 
at the surface of the detector. Therefore for the calibration 

and for the test 

* 
L *    * 

-   k   I *2 
4TT R 

L -   k I 2 
4TT R 

(12) 

(13) 

where I is the photo current, R the detector-source distance and k 
a constant. All symbols with asterisks denote calibration procedure. 
The unknown luminous intensity is given by combining (12) and (13). 

Thus 

2 
* I R k 

L " L ~\ \ \ (14) 
I R k 

, * 
For routine measurements the ratio k/k is assumed to be a unity. 
The exact calculation is carried out in the Appendix A. 

Having obtained the luminous intensity the candlepower is given 
as 

Cp - 4TT L (15) 

Candlepower measurements are performed statically under labora- 
tory environment in a flare tunnel. The geometry of a flare tunnel 
is shown in Figure 10. The item is placed in a hearth, equipped 
with a stack and a fan to exhaust the gasses, and a draft duct under 
the floor, to permit adequate flow of gasses up stack. The radio- 
meter is placed at an adequate distance for the flame to be an 
equivalent: point source and properly baffled to exclude reflections. 

In addition to this static radiometric facility an "Air Drop 
Simulator" (Fig 11) is used for simulation of dynamic outputs of 

138 



183 3S  2 

2? 

fezi 
.Kltlk-H|l       3 

"Is! 

-t3p5 

i«   t   i   •' i   ii 
•     ••    ■»    «V.    <•*. 

* 
E 

U>  - 
KR;u ^  » 
oc <■> .* "» 

2ö!8 o 
13 &z 

P 5 E pf 
CM " 

58 8> Z 

E§    I ii m 

»» * 
* 
K 

,- 3 
IS          t 
S t               i 
* 8 
-i    Ml 

I« 
2                       ' 

1 

c <u 
§ 
CO 

B 

c 
01 

60 

O 

C 
a 
3 
H 

60 

139 

. .■■■ 1—■,.. —- 



;**i •• «Ä*»i^/*£^LSSSs5:k. s^ 

Fig 11 Air drop simulator 
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parachute flares, descending through the air with their terminal 
velocities. The flare is suspended by a cable from a steel tower 
126 feet high and placed centrally above a stack, 26 feet high and 4 
feet in diameter. A maximum ^8,000 ft /min, variable speed blower 
provides a collimated air flow, extending approximately 4 feet above 
the top of the stack so as to produce an air stream of from 5 ft/sec 
to 20 ft/sec. A system of light detectors is placed Ln a suitable 
geometry under the burning flare to record its output. 

INFRARED MEASUREMENTS 

Infrared measurements are routinely done in a manner, similar 
to those of luminous intensity, where virible detector-window combi- 
nation is substituted by appropriate equivalent infrared components. 
Most of the radiometric work is performed in two spectral ranges of 
interest, corresponding to sensitivities of the £-1 photocathode and 
the InSb crystal detector. Similar data analysis to that discussed 
for candlepower measurement is followed.  If one substitutes the 
photopic sensitivity contour by an idealized 100% square transmis- 
sion filter, with A. and A-, the short and long cut-off wavelengths 
respectively, then the energies passed through this filter are re- 
lated to radiometric outputs by two expressions 

* 
AW      * * 

? « k I (17) 
*2 

4TT R 

and 

AW 
2 

4TT R 
k I (18) 

where 

+    2 * 
AW  - / W (A) dA (19) 

A 

and 

A2 
AW - / W(A) dA (20) 

Ai 
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The unknown energy in the internal between A1 and A„ 

R2 I 
AW = ^-V-Tf (21> 

R  I  K 

where 

/ W*(A) S(A) T(A) dA 
k _ o 
*     CO 

k 

(22) 

/ c W(A) S(A) T(A) dA 
o 

is a correction factor for the mismatch of the total effective band- 
pass transmission, given by the product of three spectral terms, the 
detector sensitivity, the filter transmission and the transmission 
of the atmosphere. This correction factor is derived in Appendix B 
and an exact calculation must have its evaluation included. 

Very often this term is neglected and as a consequence great 
discrepancies may result between tfferent infrared tests. These 
discrepancies are expected when different agencies conduct measure- 
ments, utilizing different radiometers (different T(A) and S(A)) and 

different calibration sources (different W (A)) at different atmos- 
pheric conditions and test distances (different T (A)). Under these 
conditions one would not expect the two correction terms to be 
identical. 

However, unde; a skillful choice of test parameters the mismatch 
term can be made to approach unity. This approach calls for a radio- 
metric evaluation of unknown outputs by a radiometer, whose effec- 
tive bandpass is placed within the interval of an atmospheric window, 
and a perallel spectrometric measurements, conducted at close ranges. 
If the bandpass of the radiometer is suitably smaller than the width 
of the window and spectral contours of the calibrating source ap- 
proaches that of the source the mismatch term can be approximated by 
unity. 

Once the time intensity contour is obtained for this narrow 
bandpass, the time intensity in any other wavelength interval is 
given by an appropriate scaling of the output. This scaling factor 
is given by the ratio of areas under spectral distribution curve 
corresponding to these two intervals. 

An example of this type of an analysis is given. Spectral 
analysis of a certrin formulation was found to approximate a gray 
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body (Fig 12). Radiometrie analysis can be performed in two atmos- 
pheric windows of 2.0 - 2.5 microns and 3.5 - 4.1 where no structure 
is observed. If in these intervals the effective contour of the 
bandpass is flat, then the mismatch term can be approximately by 
unity. 

Radiometrie data are displayed on a chart recorder and also 
recorded on tape.  Two time intensity contours for each of two 
spectra (tests 1 and 2) are shown in Figure 13. Each time intensity 
contour represents a different spectral band (deleted on contours). 
Any of these contours can be translated into any other time-intensity 
curve by amplifying the tape recorded output by a suitable scaling 
factor, given by the ratio of suitable areas under spectral distribu- 
tion contour. 

The infrared radiometric measurements are done indoors in the 
same flare tunnel, which is used for indoor candlepower measurements, 
described previously.  To simulate static performance at high alti- 
tudes, high altitude facility is utilized, consisting of two 8000 
ft vacuum chambers, which can be evacuated to simulated altitudes 
of over 100,000 feet.  These chambers (Fig 14) are 75 feet long with 
a 15 ft cylinder at th larro end, and then tapered to a 5 ft diam- 
eter, where they terming  at an instrumentation center.  There are 
large rotary piston pumps, capable of evacuating the tanks to 8 mm 
of mercury in 20 minutes. Controls of all test instrumentation and 
pumps are concentrated in the instrumentation center.  In addition 
to infrared measurements these chambers are utilized for photoflash 
measurements at simulated altitudes.  A photograph of the outside 
view of the high altitude test facility is included in Figure 15, 
showing the two chambers and the structure on the left, housing the 
vacuum pumps. 
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Composition 

Delay 

Flame 

Incendiary 

Table 6 

Additional performance tests 

Test 

Burning rates and reliability over a range of 
temperatures and environmental pressures. 

Dispersion, induction time, fire-ball radius, 
temperature, heat flux, overpressure. 

Number and dispersion of fragments and their 
effectiveness over target initiation. 

Characteristic 

Impact 

Friction 

Electrostatic 
discharge 

Heat 

Safety tests 

 Test method - procedure 

Picatinny Arsenal impact test 

Picatinny Arsenal friction pendulum 

Bureau of Mines tester 

Molten metal bath 

Characteristics 

Stability and 
compatibility 

Safety and Performance 

 Test method - procedure  

100 C vacuum test, storage, surveillance test 

These tests were listed to provide a more complete basis for panel 
discussions. 
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SUMMARY 

A brief analysis of principal test procedures, associated with 
pyrotechnic composition research was given. Only spectroradiometric 
measurements, which provide the principal performance characteristics 
were discussed in a somewhat greater detail. 

Difficulties, associated with a conventional single scan spectral 
analysis of pyrotechnic outputs, were explained as those stemming 
from an erratic character of combustion, for which single scan 
techniques result in erroneous spectral signatures, that cannot be 
associated with predominant chemical reactions or an average perform- 
ance.  This difficulty has suggested an introduction of multiple 
scanning and signal averaging procedures.  Internally developed 
Rapid Scan, Signal Average Spectrometer system was described in 
somewhat greater length and its utilization for both the formula- 
tions research and engineering analysis and interpretation of 
radiometric results. 

Routine experimental test methods to evaluate luminous inten- 
sity and infrared bandpass outputs was covered.  The similarity of 
procedures and analysis of the data was emphasized.  Simplified, 
first approximation data analysis geared for routine gross effect 
analysis was given. Utilization of spectral signatures was empha- 
sized for a proper choice of test parameters and a valid inter- 
pretation of the results. A great sensitivity of the radiometric 
bandpass results on atmospheric absorption is emphasized and con- 
trasted with a general immunity of candlepower measurement. Cor- 
rection terms to transform the first approximation into exact formulas 
were developed for both the luminous intensity and infrared bandpass 
outputs. 
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APPENDIX A 

EXACT CALCULATION OF LUMINOUS INTENSITY 
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When luminous intensity is expressed in ;erms of spectral 
energy expressions (12) and (13) can be written as 

and 

680 / W*(A) y(A) dA 

°      = k* T* (A-l) 
*2 

ATT R 

680 / W (A) y(A) dA 
a 

o           , T 
 ö  = k I (A-2) 

4TT R 

By combining (Al) and (A2) 

* / W*(A)  S(A)  T(A)  dA 
k I    m 0 

* oo 
k I 

/ W (A)  S(A) T(A)  dA 
m 

o 

(A-3) 

R*2 I* / W (A) y(A) dA 
k  =  o a    

oo 
k*     2        *   — 

R  I  / W (A) y(A) dA 
cl 

o 

. * 
To evaluate k/k we normalize W so that. 

a 

oo oo 

/ W (A) y(A) dA = / W*(A) 7(A) dA (A-4) 
m a 

o o 

and assume R = R . Then 

(A-5) 

The currents were expressed in terms of the spectral distribu- 
tions of the standard and the source, the spectral sensitivity of 
the photodiode and the transmission of the photopic filter. 
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The normalization of the spectrum can conveniently be accom- 
plished in the "Absolute Level Set" routine by requesting equal 
luminous intensity for both the standard and the unknown source. 
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APPENDIX B 

EXACT CALCULATION OF INFRARED BANDPASS OUTPUTS 
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The correction term is obtained by combining (17), (18), (19) 
and (20). Then 

k_ 
~* 
k 

* *2 A2 
1 R J 

Ai 
W(A) dA 

A2 * 
1 R J 

A, 
W (A) dA 

(B-l) 

When we normalize the spectral energy of the unknown source so that 

(    VA> dA " (2 W*(A) dA  , (B_2) 

* * 
place R=R and express I and I in terms of spectral energies, 
detector sensitivity and total transmission of the filter plus the 
atmosphere, then ratio of the constants 

00 

/ t * 
-Si-- O W (X) S(A) T(A) Ta(A) dA 

* 
k 

/ W (A) S(A) T(A) T (A) dA in a 

(B-3) 

o 

This is the desired correction factor to be introduced into (21) to 
obtain accurate bandpass outputs. Here S(A) is the spectral sensi- 
tivity of the sensor, T(A) the spectral transmission of the bandpass 
filter, T (A) the spectral transmission of the atmosphere, (and the 
asterisk denotes the calibration symbols). The normalization (23) 
is obtained in the "Absolute Conversion" routine, the spectral 
sensitivity S(A) and filler transmission T(A) by a separate spectro- 
metric procedure. However the atmospheric transmission is dependent 
on the relative humidity, the temperature and the path length and 
must be interpreted separately for each measurement, or minimized by 
a choice of a narrow filter that falls into one of the atmospheric 
windows. 
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ABSTRACT 

This paper describes the procedures used to qualify a new pro- 
pellant composition for a given weapon.  After requirements are es- 
tablished (force-flame temperature relationship, erosivity, signature, 
etc), calculations are performed to assure that the composition will 
meet the ballistic requirements.  Prior to making a pilot-plant lot, 
small quantities of the ingredients are mixed and a series of com- 
patibility tests are conducted.  Pilot plant quantities are then 
prepared and processing studies are made during preparation. 

Laboratory procedures are described for evaluating the finished 
propellant.  These include closed bomb firings, a calorimetric test 
that assures the correctness of the composition, mortar and large 
caliber simulators and a laboratory-scale erosion apparatus. 

Analog/hybrid computer interior ballistic simulation calculations 
are used to predict the correct granulation (w/eb) for th» new propel- 
lant to meet the ballistic requirements for a selected weapon system. 

In the final phase sufficient propellant is prepared and actual 
ballistic evaluation is carried out in a selected weapon system. 

DISCUSSION 

The importance of universally accepted tests to evaluate pro- 
pellant formulations cannot be overemphasized.  They should form the 
basis of commonality for assessing all types of compositions on an 
international level.  Without standardized tests, there is always 
doubt concerning validity and significance of the reported value. 

This paper will delineate the tests and criteria that are used 
by ARRADCOM to evaluate new propellant formulations.  For maximum 
effectiveness these tests are utilized from the inception of a formu- 
lation to the final ballistic evaluation. 

After selecting the compounds that will comprise the new formu- 
lation, it is necessary that thermochemical data be available prior 
to initiating computer calculations for the desired force-flame 
temperature relationship.  If a new ingredient is to be employed, 
the required thermochemical data (heat of formation) is obtained 
from an experimental heat of combustion value, or from calculations 
based on bond energies.  The final thermochemical properties are 
then calculated by the Hirshfelder-Sherman equations, using more 
current values as required (Ref 1,2,3 and 4).  These equations are 
computer programmed (Ref 5).  The calculated thermochemical proper- 
ties for three standard propellant formulations are presented in 
Table 1. 
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After having established the percentage of each ingredient of the 
proposed composition to give the desired force-flame temperature re- 
lationship, it is required that the compatibility of the formulation 
be assessed.  Toward this end, a 15 to 30 gram batch of propellant 
is prepared in a small sigma-blade mixer. After the propellant col- 
loid has dried, heat stability tests are conducted in accordance with 
MIL-STD-286B (Ref 6).  For single-base (energetic material is nitro-, 
cellulose) propellants, the test is conducted at 134.5 C.  For Ml, 
M6 and Ml4 propellants, the color of the methyl violet test paper 
must not change to salmon pink in less than 40 minutes and not ex- 
plode in less than 5 hours.  For the M10 propellant the criteria is 
60 minutes and five hours.  For double-base (energetic materials are 
nitrocellulose and nitroglycerin) and triple-base (energetic materials 
are nitrocellulose, nitroglycerin and nitroguanidine) propellants, 
the test is conducted at 120 C, and the color change and explosion 
criteria are 40 minutes and 5 hours.,respectively (Ref 7). A vacuum 
stability test at 90 C and 100 C, respectively, for double/triple- 
base and single-base propellants is also conducted (Ref 6).  For 
these tests, the criteria is that a gas evolution of 11+ ml in 40 or 
less hours is unacceptable.  If the gas evolution is 5 to 11 mils, 
a border line case is indicated.  Anything under 5 ml gas is accept- 
able.  Vacuum stability values for standard propellant formulations 
are presented in Table 2.  At this point, the composition's resist- 
ance to heat has been established.  It remains to determine its re- 
sistance to impact.  This is determined by means of an impact tester. 
Those most commonly employed are the PA and the Bureau of Mines Im- 
pact Testers.  Typical PA Impact Test values for standard propellant 
compositions are presented in Table 3. 

If the formulation passes all the prior tests, a 3000 gram 
pilot lot quantity of the composition is prepared for further evalua- 
tion.  T'ie propellant is processed in the pilot plant in horizontal 
sigma-blade mixers.  During the processing, variables such as the 
total solvent, solvent composition, solvent ratio and mixing time 
plus temperature are closely observed for their influence on the for- 
mation of a colloid for final extrusion.  A portion of the colloid is 
extruded for strand burning rate and mechanical property studies. 
The remaining colloid is extruded through a known die assembly into 
grains from which shrinkage data is determined so that a proper die 
size may be selected for the desirad web.  Prior to obtaining the 
dried grains, a drying cycle is established.  For single-base pro- 
pellant, water drying is the accepted procedure.  After air drying 
for several days to prevent case hardening, the composition is water 
dried from 7 days to 21 days depending upon the granulation (web) 
at a water temperature of 58 C (136 F).  Final forced air drying is 
conducted at 55 C (131 F).  For double- and triple-base propellants, 
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air drying for several days is followed by forced air drying for 3 
to 8 days at 45°C (131°F) and then raised to 55°C (131°F) for the 
remaining drying cycle.  Prior to removal of the propellant from the 
dry house, a total volatiles content is determined to ascertain if 
the propellant is properly dried.  If the drying cycle did not achieve 
this objective, it must be lengthened by whatever time is necessary 
to give the required value.  A high total volatiles content will have 
an adverse effect upon ballistics because it reduces both the burning 
rate and the force value.  Upon completion of drying, the propellant 
is thoroughly blended and in some instances, the propellant may be 
glazed with graphite during this operation. 

After manufacture, samples of the new propellant are submitted 
for laboratory characterization.  The total volatiles is the initial 
test.  For the single-base Ml and H6 and the double-base M2 and M5 
propellants, the total volatiles is dependent upon the granulation or 
web size.  The total volatiles for M9 flake propellant (for mortar 
application) is 0.50%, maximum.  The maximum total volatiles for the 
triple-base M30 and M31 propellants are 0.50% and 0.30%, respectively 
(Ref 7). 

The accelerated 134.5 C and 120 C methyl violet paper heat tests 
along with the 100 C and 90 C vacuum stability heat tests which were 
discussed during the compatibility phase of testing are repeated. 
This time, however, the tests are run on the whole propellant grain 
rather than the colloid. A 110 C Taliani heat test may be run to 
measure the rate of gas evolution (Ref 6). 

80 C (accelerated) and 65.5 C surveillance tests are run on all 
experimental propellants.  For these tests, 45 gram samples are stored 
in glass stoppered bottles.  The appearance of the bottle and its 
contents is noted daily.  The number of days required to cause the 
liberation of visible reddish fumes of oxides of nitrogen is the re- 
ported test value.  Typical surveillance test values for standard 
propellants are shown in Table 4.  (It should be noted that these 
tests cannot be conducted with triple-base propellants, because the 
decomposition products are not visible.) 

Grain measurements are performed in order to generate shrinkage 
data.  The heat of explosion is run to check the experimental value 
with that calculated during the formulation study.  A gooci agreement 
will eliminate the need for a complete chemical analysis. 

The new compositon and a standard (or reference) propellant are 
fired at a predetermined loading density in a closed bomb at 70 F, 
-60°F and +160°F.  The closed bomb can be fired up to 100,000 psi 
maximum pressure.  The force and quickness of the new propellant are 
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determined relative to the standard propellant.  The data generated is 
used to calculate the linear burning rate, r = bP at the aforemen- 
tioned three temperatures (Ref 8). 

The specific gravity and gravimetric density is run on the pro- 
pellant sample to ascertain the porosity of the grain and to deter- 
mine how much propellant can be placed in a given chamber volume. 

The following evaluations have been developed at ARRADCOM for 
special propellant applications.  A standard closed bomb was modified 
to provide a laboratory scale apparatus for measuring erosion.  This 
method affords a rapid and economical means for studying propellant 
erosivity and the effectiveness of additives for erosion reduction 
(Ref 9). 

A full-scale laboratory simulator has been developed to study 
the burning characteristics of the actual component parts of the 
ignition system for a standard mortar.  The simulator can be used to 
evaluate the individual components, i.e., primers, ignition car- 
tridges and propellant charges for the mortar as well as the com- 
pletely assembled ignition-combustion train (Ref 10). 

A large caliber simulator has been constructed for laboratory 
scale gun firings.  It has been shown that data obtained in the 
laboratory can be applied directly to the solution of ignition prob- 
lems with bag charges in a large caliber gun.  Again, the laboratory 
information was obtained at a low cost compared to firings in a gun 
(Ref 11). 

An arc-image furnace is available for specialized laboratory- 
scale ignition tests.  A flame spreading test has been developed to 
aid in the evalution of low vulnerability propellant formulations. 
When the propellant is spread on a flat surface and ignited at one 
point, the flame spreads at a rate which is dependent on such factors 
as composition, grain size, thickness of layer, bulk density, uni- 
formity of granulation and surface conditions.  Therefore, from both 
a functioning and safety consideration, information on the flame 
spreadibility or propagation of a propellant is of importance (Ref 
12). 

Now that our new propellant has been fully characterized, it is 
time *"o conduct analog/hybrid computer interior ballistic simulation 
calculations.  Using the closed bomb r = bP linear burning rate 
data, and known parameters for a selected weapon system (i.e., travel, 
bore area, chamber volume and projectile weight), we can determine 
the granulation or web, the propellant charge weight, and its loading 
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density for our new formulation to meet the ballistic requirements 
for the weapon system.  The data obtained from the computer will in- 
clude (1) pressure, velocity and travel vs time curves (2) point of 
splintering for multi-perforated propellants (3) point of burnout for 
all propellants (4) pressure at base of projectile as the shell travels 
down the gun tube (5) pressure at the muzzle when the projectile leaves 
the gun tube and (6) exit shock temperature.  The last two computer 
readouts indicate the extent of muzzle blast, and whether the propel- 
lant will require a flash suppressor (Ref 13,14,15,16 and 17). 

Based upon the data supplied by the computer, sufficient propel- 
lant is processed for ballistic evaluation in the selected weapon 
system.  The propellant can either be manufactured at ARRADCOM or at 
a government owned-contractor operated facility (GOCO plant).  The 
principle outside facility is Radford Army Ammunition Plant run by 
the Hercules Company at Radford, Virginia.  The propellant is usually 
manufactured in three granulations.  One granulation may be 10 to 15 
percent smaller than that predicted by computer calculations, the 
second will be the predicted granulation and the third will be 10 to 
15 percent larger than the predicted granulation. 

One of the most important phases of the investigation is the 
actual ballistic evaluation of the propellant in the weapon system. 
First, the charge weight is established for the optimum propellant 
granulation reauired to meet the ballistic requirements for the round 
of ammunition.  These initial firings are conducted at 70 F.  Uniform- 
ity series are then fired with both a standard propellant and the 
candidate propellant at 70 F, -60 F and +160 F.  The propellant is 
usually conditioned for 24 hours at the two extreme temperatures. 
Pressure-time traces are taken during the uniformity series firings 
to ascertain ignition characteristics.  Standard deviations for 
velocity and pressure are calculated as well as the temperature co- 
efficients.  Usually, high speed movies are taken to record the 
flash and smoke characteristics.  A visual inspection is made for 
unburnt propellant at the muzzle of the gun.  Gun tube measurements 
may also be taken to determine gun barrel erosivity. 
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Table 1 

US gun propellants 

Propellant 

Formulation 

Calculated thermochemicals 

Isochoric flame temp, K 

Force, ft-lbs/lb 

Gas Volume, moles/gm 

Heat of explosion, cal/gm 

Combustibles, % 

Unoxidized carbon, % 

Ratio of specific heats, y 

3 
Co-volume, in /lb 

Single-base 

M6 

2750 

317,000 

0.04432 

758 

62.4 

6.8 

1.2543 

2«.92 

Double-base 

M26E1 

3132 

362,000 

0.04164 

977 

56.2 

1.6 

1.2384 

28.74 

Triple-base 

M30 

3040 

364,000 

0.04308 

974 

41.0 

3.2 

1.2385 

29.26 

Notes: 

1 Energetic material is nitrocellulose. 

2 Energetic materials are nitrocellulose and nitroglycerin. 

3 Energetic materials are nitrocellulose, nitroglycerin and nitro- 

guanidine. 
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Table 2 

Vacuum stability heat test values for standard propellants 

Temperature Ml gas in 40 hrs 
Propellant Remarks of test 

(°C) 

on 5 gm sample 

(ml) 

Ml Single-base 100 2.86 

M2 
2 

Double-base 90 4.00 

M8 Double-base 90 2.46 

M30 
3 

Triple-base 90 2.33 

M31 
3 

Triple-base 90 0.65 

Notes: 

1 Energetic material is nitrocellulose 

2 Energetic materials are nitrocellulose and nitroglycerin 

3 Energetic materials are nitrocellulose, nitroglycerin and 
nitroguanidine 
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Table 3 

PA impact test values on standard propellants 

PA impact values 
Propellant Remarks obtained with 2 Kg weight 

(inches) 

Ml Single-base 6 

M2 
2 

Double-base 3 

M5 Double-base 3 

M8 
2 

Double-base 2 

M9 
2 

Double-base 2 to 3 

M15 
3 

Triple-base 7 

Notes: 

1 Energetic material is nitrocellulose 

2 Energetic materials are nitrocellulose and nitroglycerin 

3 Energetic materials are nitrocellulose  nitroglycerin and 
nitroguanidine 
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Table 4 

Surveillance test values for standard propellants 

Propellant Remarks 80°C (accelera 
(days) 

ted) 65.5°C 
(days) 

Ml Single-base 300 to 350 1800 

M6 Single-base 275 to 300 1500 

MIO Single-base 500 to 600 

M2 
2 

Double-base 335 to 365 

M8 
2 

Double-base 160 to 200 

M9 
2 

Double-base 200 

M26 
2 

Double-base 1200 

Note: 

1 Energetic material is nitrocellulose 

2 Energetic materials are nitrocellulose and nitroglycerin 
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LASL METHODS OF DERIVING MODELS FOR PREDICTING THE THERMAL 
HAZARDS AND USEFUL LIFETIMES OF EXPLOSIVES 

R. N. Rogers 

University of California, Los Alamos Scientific Laboratory 
Los Alamos, New Mexico 87545 

Sensitivity, thermal stability, and toxicicy are the three major 
safety factors that must be considered in selecting an explosive for 
any specific application.  At the Los Alamos Scientific Laboratory 
(LASL) we attempt to obtain quantitative data on these factors at the 
earliest possible stage in the development of any new explosives sys- 
tem.  This paper will consider only the problems associated with ther- 
mal stability; some aspects of the LASL philosophy concerning sensi- 
tivity will be discussed by L. C. Smith. 

Our first goal in studying the thermal stability of explosives 
was to provide models for predicting thermal hazards.  It was desired 
to be able to sample the first small-scale preparation of a new ex- 
plosive, make an accurate determination of the kinetics constants for 
its decomposition, and predict safe handling conditions for fabrica- 
tion and application.  It was presumed that the kinetics methods could 
also be used to derive lifetime predictive models for systems in which 
chemical reactions are responsible for the critical degradation 
processes. We believe that we have been largely successful in attain- 
ing our first goal, and we have successfully predicted some long-term 
degradation rates from small-scale measurements. 

When one is attempting to derive a practical, reliable predictive 
model for the self-heating of an explosive, I consider it imperative 
that the kinetics measurements be based on heat-evolution rates. 
Therefore, our preferred method for the determination of kinetics 
constants uses isothermal differential calorimetry1_1+. The heat- 
evolution rates of milligram-size samples are observed with a Perkin- 
elmer Differential Scanning Calorimeter operated at a series of con- 
stant temperatures.  Rate constants are obtained from the slopes of 
plots of signal amplitude versus time, and operational activation 
energies and pre-exponentials are obtained from Arrhenius plots of the 
rate-constant data.  "Order plots"2 of the rate data give direct 
measurements of reaction orders, reveal any complexities, and enable 
determination of the stoichiomecry in mixed systems. 

In predicting the thermal safety of any specific size and shape 
of explosive charge, the critical temperature (T ) is defined as the 
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lowest constant surface temperature above which a thermal explosion 
can result from the self-heating of the explosive.  The heat-balance 
problem involved in the prediction of T has been considered5-7, and 
the following simple expression allows predictions to be made that 
are of adequate accuracy for most research and development purposes: 

E 
Y~    = R In 

a2PQZE~] 

. m   J 

E is the activation energy of the decomposition reaction, R is the 
gas constant, a is the radius of a sphere or cylinder or the half- 
thickness of a slab, p is the density, Q is the heat of reaction dur- 
ing the self-heating process, Z is the pre-exponential, A is the ther- 
mal conductivity, and 6 is a shape factor (0.88 for infinite slabs, 
2.00 for infinite cylinders, 2.72 for a  regular right-circular cylin- 
der, and 3.32 for a sphere). 

It is obvious from the expression for the prediction of the 
critical temperature that there is no such thing as a single "auto- 
ignition temperature" for an explosive.  The temperature at which an 
explosive can self-heat to explosion will depend very critically on 
size and shape.  Small-scale autoignition tests will give high values 
for critical temperatures, and explosive devices designed on the basis 
of such determinations can be dangerous. 

Autoignition or time-to-explosion tests can be useful, however, 
if they can be used to produce an independent experimental value for 
the critical temperature of any explosive composition. This independ- 
ent experimental value can be used to test the predictive model de- 
rived from kinetics measurements.  It is important to recognize, 
however, that the physical values required for the predictive expres- 
sion (for example, density, thickness, and shape) must be known for 
the critical-temperature test assembly. 

For practical purposes, the experimental method for the deter- 
mination of critical temperatures should be adaptable to laboratory 
operations.  It must, therefore, be a compromise between accuracy of 
definition of conditions and violence of reaction.  The method in use 
at LASL8 was designed to be as inexpensive as possible and to be used 
as a routine survey method.  It is used to test predictive models, as 
a control test for explosive quality, and to detect incompatible sys- 
tems. We have shown that calculated and experimental critical tem- 
peratures agree very well8, allowing predictions for larger systems 
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to be made with some confidence on the basis of small-scale tests. 
Complex systems that do not allow successful predictions to be made 
can be detected with small samples, and suitable care can be exercised 
in further testing. 

Some organic explosives decompose at significant rates only in 
the homogeneous liquid phase (for example, TNT and TNB), a very few 
appear to decompose completely in the solid state (the most common 
being TATB), but most melt with decomposition (for example, RDX, HMX, 
PETN, and HNS). When the critical temperature of an explosive is 
below its nominal melting point, it must decompose in the solid state, 
usually a slow process, until some change allows its decomposition 
rate to increase sufficiently for it to self-heat to explosion.  The 
critical temperature will be determined by the process showing the 
maximum rate attainable in a condensed-phase reaction for the explo- 
sive in question, but the time to explosion may be largely determined 
by the low-rate, solid-state reactions.  This is an important dis- 
tinction, because we can usually measure the kinetics constants for 
the most rapid reaction quite accurately, and, consequently, we can 
predict critical temperature with some confidence.  However, the 
solid-state reactions involved in time-to-explosion estimations are 
difficult to measure accurately, and the solid-state rates can vary 
tremendously with changes in purity and crystal perfection.  Attempts 
to compare systems by use of time-to-explosion tests alone can be mis- 
leading. 

I believe that the thermal safety of pure explosives and explo- 
sive compositions can now be specified with some confidence on an 
absolute basis.  There is no need to standardize relative tests.  When 
the values required for application of the critical temperature ex- 
pression have been obtained and the accuracy of the derived predictive 
model for any system has been successfully demonstrated by use of an 
independent experimental method, objective comparisons among explo- 
sives and compositions can be made, safe fabrication conditions can be 
selected, and the safety of device deployment under different condi- 
tions can be predicted. 

Safety studies on explosives should consider time-dependent 
changes in sensitivity, stability, and toxicity.  A change in any one 
ot the safety factors that renders a device useless can provide a 
"critical-lifetime criterion" for the device; however, it should be 
recognized that many processes other than chemical reactions can 
cause ultimate failure of a system to function properly or to become 
too dangerous to use, 
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When degradation or changes in thermal hazard provide the 
critical-lifetime criterion, predictive models for lifetime may be 
derived from thermochemical methods; however, certain precautions must 
be observed. Pi°dictive models based on solid-state decomposition 
rates may be unreliable for the same reasons that time-to-explosion 
calculations are unreliable, heterogeneous reactions may be overlooked 
as the result of different loading densities in experimental systems 
compared with production devices, and mechanism changes are likely 
between service temperatures and thermal test temperatures. Mechanism 
changes are almost certain when there are phase changes between 
service temperatures and test temperatures. 

I do not believe that a standard procedure can be proposed for 
the derivation of lifetime predictive models; however, I do believe 
that standard thermal tests should be used to detect thermal hazards 
that appear as the result of aging of the explosive or device. 
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ABSTRACT 

A typical single-based nitrate ester propel - 
lant was subjected to accelerated ageing at 65.5° 
and 90°. The artificially aged samples were studied 
by NO + 0, chemiluminescence for nitrous gas evolution 
measurement. Thin layer chromatography and heat 
flow calorimetry were also used to characterize the 
samples in an attempt to develop a rapid and accurate 
surveillance test for stability to replace or improve 
the currently used Abel heat test. Results of these 
studies show that the chemiluminescence technique 
shows promise as a method by which the Abel heat 
test can be put on a quantitative basis. 

INTRODUCTION 

In order to control the hazard associated with the storage 
of-large amounts of high energy material.1* in ammunition storage 
depots, regular surveillance testing of the gun propellants is generally 
carried out to assess the stability and therefore storability of 
the propellant. Most countries, including Canada, continue to rely 
upon the Abel Heat Test as a rapid, easily performed surveillance 
test. This test is a conservative one in the sense that propellants 
will fail the test before they are truly unstable. This conservative 
character has caused some difficulties in Canadian Forces Ammunition 
Depots (CFAD's) where propellants are sometimes judged unstable 
by routine surveillance testing only to be requalified for service 
by the now accepted NATO Stanag 4117 procedure (1). 

In an attempt to reduce these difficulties, the Canadian 
Army tasked DREV to develop a new surveillance test procedure that 
is at once more reliable than the Abel Heat Test and also sufficiently 
simple to perform that it could be done in the CFAD's by non-technical 
personnel. 

Tests for propellant stability fall into two categories: 
direct tests and indirect tests. The NATO Stanag 4117 procedure 
is an example of an indirect test insofar as the measured quantity 
is not the decomposition process but rather the propellant stabiliser 
content remaining after a prescribed period of accelerated ageing 
at 65.5°. Direct tests, on the other hand, measure the actual rate 
or intensity of the decomposition process. An example of a direct 
test is the Heat Flow Calorimetry Method (2) where a propellant is 
heated to typically 85° and the r3te of evolution of heat from the 
sample arising from the actual decomposition is measured. 

181 



Apparatus is now commercially available that permits 
the reliable measurement of the concentration of NO and NO7 in 
the parts per billion range in a variety of carrier gases by exploit- 
ing the chemiluminescent reaction between NO and O3.  In the 
present studies, we have adapted such an apparatus to measure the 
decomposition rate of gun propellants by the rate of evolution of 
these nitrous gas products.  In this way it was hoped that a direct 
testing method for gun propellants could be developed where the 
testing conditions could be better controlled than in the case 
of the Abel heat test. The sample for the Abel heat test is 
measured in the presence of air of variable humidity levels and 
possible atmospheric contaminants whereas in the present proce- 
dure the sample is flushed out with high purity argon and the 
measurement is performed under anaerobic, anhydrous conditions. 

The application of the chemiluminescence technique for 
compatibility measurements has been described by Keller, Jari and 
Ayer (3) who found the method very satisfactory.  In their work, 
the chemiluminescence apparatus was used to measure the total nitrous 
gas product after a period of heating and a similar technique has 
been used in this work with some modification. 

Thin layer chromatography and heat flow calorimetry were 
also used to characterize the samples used. 

ARTIFICIAL AGEING 

In these preliminary experiments, a study of the degradation 
of artificially aged samples of a typical single-based gun propellant, 
FNH/I', was carried out. The FNH/P formulation is the same as the 
American Ml with potassium salts added for flash reduction and has 
the nominal composition: 

Nitrocellulose (13.UN) 85% 
dinitrotoluene 10?o 
dibutyl phthalate 5°o 
diphenylamine (added) 1°6 
potassium sulphate (added)        1%. 

This propellant was aged artificially at 65.5° and at 90° in glass 
vessels with loosely fitted ground glass stoppers (65.5°) or with 
corks fit with capillary tubes (90°) to permit slow gas exchange and 
pressure equalization. Samples of 45 g of the propellant were removed 
periodically and the residual diphenylamine (I)PA) stabilizer in 
the propellant was measured using the spectrophotometric analytical 
procedure specified in STANAG 4117 (1). The results of this analysis 
are presented in Fig. 1 where, for the samples aged at (>5. 5° and 90°, 
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we see that the point has been reached where the loss of DPA is 
accelerating with time, presumably because the sample is approaching 
autocatalytic decomposition. 

From Fig. 1 we observe that, when the time scale is 
measured in hours for ageing at 90° and in days for ageing at 
65.5°, the course of the drop of DPA with time for the two exper- 
iments is quite similar. The slopes of the relatively flat portions 
of the curves before the rate of DPA loss starts to increase are: 
90° ageing, 6.8x10-7 °0DPA s"

1 and 65.5° ageing, 2.1xl(T8 "U)PA s"1. 
This gives an activation energy of 35 kcal mol"1 controlling the 
temperature coefficient of the ageing process over this temperature 
range. 

THIN LAYER CHROMATOGRAPHY 

The artificially aged samples were analyzed qualitatively 
using the thin layer chromatography technique as described by Volk 
(4).  Briefly, this method consists of the extraction of a 2 g 
sample of the propellant, ground to pass a 20 mesh sieve, with 
methylene chloride for 16 hours. The extract was evaporated to 
dryness, then made up to 50 ml volume with acetone and 20 p.l samples 
of this solution were analyzed by two dimensional TLC on 20 cm square 
glass plates with a silica gel coating. The first development was 
with benzene:tetrachloromethane: 1,2-dichloroethane = 5:3:2.5 
followed by a second development at right angles to the first using 
ethylacetate:hexane = 20:80 as solvent. The separated compounds 
were visualized on the plate by examination under ÜV light, 
followed by spraying the plate with two agents: p-diethylamino 
benzaldehyde, 1 g in 100 ml of methanol:cone sulfuric acid = 75:25 
followed by potassium bichvomate, 0.8 g in 100 ml 60"o sulfuric acid. 
Results of this analysis are shown in Table I for the samples aged 
at 90° and 65°. 

Although Fig. 1 shows that the samples aged at 65.5° 
exhibit a very similar drop in DPA to the samples aged at 90°, 
examination of Table I shows that the course of the decomposition 
is quite different, particularly in the case of the higher nitration 
products (marked "others" in Table I) which are evident in ageing 
at 90° at DPA levels below 0.765po, but do not appear in samples 
aged at 65.5° until the DPA content is reduced to 0.652°o. Hven more 
striking is the observation that for samples analyzed by the Stanag 
4117 proced'"-e to have about the same DPA content, (for example, 
2160 hrs at o5.5° and 96 hrs at 90°) the intensity of spots for 
DPA by the TLC technique are widely different.  For 144 hrs at 90°, 
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the analysis shows nearly half the DPA remains, whereas this 
spot is no longer detectable on the TLC plates. This is probably 
an artifact of the Stanag 4117 analysis procedure, which may 
convert nitrated DPA derivatives into DPA or compounds measur- 
able as DPA during the digestion in alcoholic KOH. This point 
should be further investigated by developing a quantitative TLC 
or high performance liquid chromatography technique and com- 
paring the results of the two methods. 

DIRECT MEASUREMENT OF NITROUS GAS PRODUCTS 

This method rests on the availability of instruments 
designed for the measurement of very low concentrations of NO (ppb 
range) in an inert carrier gas.  Such instruments were first 
developed to allow continuous monitoring of NO^ pollutants in 
urban atmospheres and are based upon the chemiluminescence 
produced when nitric oxide reacts with ozone according to the follow- 
ing kinetic system: 

NO + 0,  -> NO     + °2 
NO* + M -* NO,  + M 

NO* ■> NO, + hv. 

On this scheme, NO^ represents an electronically excited molecule 
of nitrogen dioxide and M represents any molecule present in the 
reaction cell capable of quenching NO2 prior to its flv^rcscence. 
Analysis of the system shows that the intensity of the emitted 
light, I, varies according to the expression 

I = k[NO] [o3!/i\ 

where k is a proportionality constant, [NO] and [Ojj are the 
concentrations of NO and O3 respectively and P is the total pressure. 
Thus, if [O3] and P are kept constant, the intensity I is proportional 
to [NO] and the instrument can be calibrated by measuring the response 
to standard mi xtu.es of NO. 

The instrument used in our experiments at DRIiV was acquired 
from AeroChem Research Laboratories Inc. of Princeton, N.J.. The 
operation of the instrument is shown in Tig. 2 which shows a reaction 
chamber into wh.'ch flow simultaneously •» stream of ozonized air, 
generated in the instrument, and the sample gas to be measured. 
These gas s:• • -<ms mix rapidly and react in the field of view of 
a photonultn.i <.er tube which responds to the filtered cherailuminescence. 
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As long as the sample gas pressure and gross composition at the 
source remain constant, the instrument draws a constant flow of 
sample, i.e. 65 cm^/min in this case, at one atmosphere pressure. 

The apparatus used for sample introduction is shown in 
Fig. 3. A 1.5 g quantity of the propellant to be studied was 
ground to 20 mesh size and then placed in a 0.25 iaO.D. glass tube 
and connected with Teflon Swagelok fittings into a stainless steel 
1ine immersed in a constant temperature bath at 75.210.1°. A 
flow of pure, dry argon was passed through the sample at 65 cm^/min, 
the rate demanded by the chemiluminescence instrument. A mercury 
manometer was provided at the inlet to the instrument to assure 
a constant pressure of one atmosphere. A 0.5 I  ballast volume before 
the sample facilitated the adjustment of the gas flow rate from 
the argon cylinder. This ballast was fit with a tap to allow purging 
out with fresh argon before each experiment. 

Since the sample decomposes slowly at 75.2°, nitrous gases 
are liberated from the nitrocellulose in the sample and these gases 
must diffuse out of the solid propellant and into the argon stream 
in order to be measurable. After the artificial ageing process, 
the sample contains a relatively large residue of gaseous products 
which were reduced to a minimum by siiorage overnight under vacuum 
followed by flushing with pure argon through the sample tube. 

If the sample is then immersed in the heating bath and 
NO and N0-> measured, a large and variable amount of NCb is present 
initially, but over a period of hours this NO? falls to zero and 
only NO is observed thereafter. Presumably the NO? is present in 
the sample before the start of the measurements and is the result 
of oxidation of NO to NO? by contact with air.  The NO, on the other 
hand, can only be measured in the absence of air and arises during 
the test where all air is displaced by argon.  For all the results 
reported here, only the NO production is considered. 

The rate of NO evolution for each of the samples was 
measured as a function of time over a period of up to 30 hours. 
During this period, the generation of NO falls from a relatively 
high initial rate to a constant steady-state rate as shown in Fig. 
4. The initial portion of the curve corresponds to the Abel heat 
test where a sample is subjected to a temperature of typically 75° 
and the time required for the generation of sufficient nitrous gas to 
affect a test paper is measured. The time required is on the order 
of 10 to 20 minutes for sound propellants which is only a small 
fraction of the total time in Fig. 4. The final, steady-state 
generation rate is presumably a measure of the basic rate of nitro- 
cellulose decomposition forming NO in competition with the stabilizer 
capturing it.  If this is aO, then the steady-state production rate 
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should be a function of the residual stabilizer content, and therefore 
of the condition of the propel 1 ant. 

The reason for the slow decline to the steady-state generation 
rate is obscure, but may well be due to a slow drying of the propellant 
under the test conditions or some solid state gas diffusion process. 
Other changes also occur during this treatment. For example, analysis 
by thin layer chromatography of samples before and after the chemi- 
luminescence measurement showed that all of the dinitrotoluene had 
sublimed out of the powder, while the other components remained. 

The steady-state generation rates for the artificially aged 
samples, as well as for a naturally aged propellant whose °5ÜPA had 
fallen from 1%  to 0.89% over 20 years storage, are shown in Fig. 5. 
In this figure, the NO concentration in the argon, in parts per million, 
is plotted against the level of DPA, as measured by the Stanag 4117 
procedure, remaining in the propellant sample. First, it is clear 
that the artificial ageing has increased the rate of NO production 
but, for the samples aged at 90° there is a maximum in the curve and 
the production of NO falls off for the longest aged samples. This 
behavior is quite unexpected. Secondly, there is a difference 
between the curves for 65.5° ageing and for 90° ageing, showing that 
the steady-state NO generation rate is not a function of stabilizer 
concentration alone. Furthermore, the naturally aged sample bears 
no relationship to the other results. 

Since the steady-state rate is approached very slowly, it is 
difficult to get reproducible results because the end of the drift 
is hard to judge.  In view of this difficulty and of the problematical 
interpretation of the results, the steady-state generation rate 
measurement was not pursued further.  Instead the rate of NO evolution 
at the start of the experiment was measured and these results are 
plotted in Fig. 6. This data is related to the Abel heat test in 
the sense that the time required to accumulate a quantity of nitrous 
gases sufficient to affect a test paper should be inversely proportional 
to the rate at which these gases are given off by the sample. However, 
the Abel heat test is performed in air of uncontrolled relative 
humidity, whereas these experiments are conducted in a dry, inert 
atmosphere. 

The initial rate results in Fig. b  also show an increase 
in the NO generation upon artificial ageing, as expected. Here 
again, there is a difference between the 90° ageing and 65° ageing 
but the difference is not as great. Also, the result for the naturally 
aged sample (triangle point) is in general accord with the other 
samples, especially the specimens aged at 65.5°. The rolling off 
of the points for ageing at 90° recalls the behavior observed in Fig. 5 
for the steady-state NO generation, but in this case, the roll-off 
is less noticeable and cannot be distinguished from simply attaining 
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a plateau value.  In any event, ageing at 90° is a severe process 
atypical of natural ageing, as we have seen from the TLC experiments, 
and this is probably why the 90° results do not fall on the same 
curve as those taken at 65.5°. 

In experiments performed on a propellant of very similar 
composition, Verbeek (5) found that the rate of heat generation, 
during heat flow calorimetry experiments, decreased with increasing 
artificial ageing at 65.5°, even though the bPA content fcli to 
nearly zero. Also the Abel heat test time increased from 13 minutes 
to 25 minutes for one of his samples and from 10 minutes to 15 minutes 
for the other on increasing the artificial ageing from 300 days 
to 500 days at 65.5°, where the DPA content had fallen to zero. 
Perhaps the observed decrease in initial and final NO generation 
rates in the present work for ageing at 90° is another manifestation 
of this phenomenon. 

FEAT-FLOW CALORIMETRY 

The samples of FNH/P propellant aged at 65.5° were studied 
using a heat flow calorimeter constructed similarly to the instrument 
described by van Geel (2). Samples weighing 10 g were placed in 
the calorimeter at 85° in an atmosphere of air and the rate of heat 
evolution was continuously measured for seven days. The resulting 
thermograms are shown in Fig. 7 for the propellant lot CAD6272 
(manufactured July 1962) artificially aged for 46, 60 and 90 days 
at 65.5°, as well as for the original sample. Also shown in the 
figure is the thermogram for the naturally aged sample of FNH/P 
(lot CAD6231, manu ictured July 1957) whose DPA concentration closely 
resembles that of ehe 46 days aged sample of lot CAD6272. 

Heat flow thermograms can be used in several ways to estimate 
the condition of the propellant. First, a "safe diameter", D, can 
be calculated based on the rate of heat released and the ability of the 
propellant, by virtue of its thermal conductivity, to dissipate 
that heat. The i>afe diameter at 85° is calculated from the formula 
(2): 

D - (45XRT2/oEq. ... J2 * 0.0992/(q. . . ,)2 
'initial ^initial 

where 6 is a dimensionless, geometrical factor, \  is the coefficient 
of thermal conductivity, R is the gas constant, T is the temperature, 
p is the bulk density, E is the activation energy for the decomposition 
process and qinitial *s tne average heat release rate in the first 
50 hrs of the experiment. 
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The safe diameter is the maximum diameter of cylindrical 
bulk samples of stored propellant that will not exhibit an increasing 
temperature as a result of their slow decomposition. The integral 
of the thermogram over the first 36 hr period, divided by the heat 
of explosion Qex is AQex(20°), where 

AQex(20°) II 36qdt 
Q xex 

and q is the heat generation rate per unit mass of propellant and 
AQex is typically 3990 J/g. A period of 36 hrs at 85° corresponds 
to about 10 yrs at 20°, using an activation energy of 25 kcal/mole. 
It is expected that AQex(20°) will correlate closely with the percent 
decrease in the energy of the propellant after 10 years storage 
at 20°. The average initial heat generation rate, q. . . ,, is 
defined as 

q. ... . =  II  qdt 
^initial    ■ l i_f5C 

50 JO 

The results for the samples in question are shown in Table 
II. The experimental error in measuring the various results is 
on the order of 10 percent. The three parameters D, AQex(20°) and 
^initial varv regularly for the artificially aged samples of lot 
LAD6272, however, only q^nitial anc' AQex(20

c) cnanße t0 a degree 
clearly outside of the experimental error. The results indicate that 
CAD6231 is more stable than the original sample of CAD6272. However, 
at this level of ageing, the naturally aged sample has not varied 
significantly from the unaged sample.  It has not been possible 
to obtain samples of FNH/P sufficiently aged naturally to exhibit 
real evidence of instability. 

Referring again to Fig. 7, a major change in the shape 
of the thermograms appears to occur in the case of the artificially 
aged samples, with the peak of the heat flux moving to earlier times 
progressively as the samples are aged. Again, the naturally aged 
lot CAD6231 is more or less similar to the original lot CAD6272 
and not the 46 days aged sample that it resembles in DPA content. 
The most likely explanation for the changes in the artificially 
aged samples is that the period spent at 65.5° represents a pretreatment 
equivalent to an initial portion of the calorimetry experiment at 
85° resulting in an apparent translation of the curves to earlier 
times. On the other hand this is not in accord with the time change 
calculated by applying a 25 kcal/mol activation energy which would 
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predict much longer translations of the time frame resulting from 
pre-heating at 65.5°. If the pre-heating hypothesis is none-the- 
less accepted, this would also explain the progressive changes in 
the q. .__. , results, 

^initial 
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TABLE II 

Heat Flow Calorimetry Results for Artificially and Naturally Aged FNH/P 

Lot No Ageing at 65.5°C DPA I) AQ  (20°) xex   ' 
10 Y   . . . 

^initial 

(days) (Swt/wt) meters (%) (W/kg) 

CAD6272 0 1.005 0.42 0.18 56.1 

mfd July 1962 46 0.820 0.40 0.19 61,1 

60 0.782 0.36 0.23 75.9 

90 0.734 0.33 0.29 88.8 

CAD6231 0 0.881 0.45 0.16 49.1 

mfd July 1957 
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Fig 1    Accelerated ageing at 65.5    and 90 
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AN   IMPROVED  STABILITY  TEST  FOR  NITROCELLULOSE 

GUN  PROPELLANTS 

Mauricette RAT,  Jean MAYET,   Bernard ZELLER 

SOCIETE NATIONALE  DES  POUDRES  ET  EXPLOSIFS 
Centre de Recherches du Bouchet 

91710 VERT-LE-PETIT   (FRANCE) 

ABSTRACT 

In order tc have a good evaluation of nitrocellulose propel- 
lants chemical stability, an improved stability test has been developed 
which consists in keeping propellant samples at 50°C during six weeks 
and measuring stabilizer content decrease with modern analytical 
methods. 

INTRODUCTION 

Safe storability of nitrocellulose gun propellants has been 
a problem since their development in 1884. As a matter of fact, slow 
exothermal decomposition of nitrocellulose may raise in some eases 
propellant temperature up to autoignition. This problem concerns mainly 
the propellant manufacturer, the department responsible for control and 
acceptance, and the department responsible for storage. In France they 
are respectively the SOCIETE NATIONALE DES POUDRES ET EXPLOSIFS, 
S.N.P.E. (National Company For Propellants and Explosives) and the 
Division du Controle Pyrotechnique, D.C.P. (Pyrotechnical Control 
Division of the Army Weapon  Technical Command). 

Acceptance stability tests generally detect suspicious pro- 
pellant lots but do not give any idea on safe life limits of propellant 
lots. 

At present, th acceptance stability test performed in France 
on nitrocellulose gun propellants are : 

- lOR 5*C VIEILLE Test (1) for single base propellants. It 
consists in heating 10 g of propellant at 108.5*C (227*F) in a special 
glass tube with a strip of litmus paper. The heating stage-* are daily 
and last no longer than ten hours ; they are stopped when the litmus 
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paper (changed for each stage) is completely red. The test is finished 
when change in colours happens in less than one hour. The result is 
the sum of all heating stages, expressed in hours. This sum must be 
of more than 70 hours for single base propellants without dinitroto- 
luene and more than 100 hours for single base propellants with dinitro- 
toluene. 

- 120°C Methyl violet paper test (2) for double base propel- 
lants. 

A 2.5 g propellant sample is kept at 120°C (248°F) in a glass 
tube (partly closed with a holed cork) with a strip of methyl violet 
paper. Time of paper colour change and time to red fumes evolution are 
noted. Requirements depend on the type of double base propellant. 

Colour change Red fumes 

-. Ball propellants >  65 mn > 5 hours      : 

: Tubular propellants >  60 mn : 

: Ballistites >  45 mn >  1 hour       : 

All acceptance stability tests in western world are performed 
at temperatures above 80*C and by this mere fact cannot simulate pro- 
pellant natural ageing because of the complexity of aging mechanism. In 
many countries, a lot of work has been done in order to improve the 
knowledge of propellant decomposition mechanism and to be able to pre- 
dict safe chemical lives of propellant lots. 

Many of these investigations have used stabilizer depletion 
as a cr tenon. As a matter of fact, experimentations have demonstrated 
that, bülow a critical residual stabilizer content, propellant decompo- 
sition may accelerate and lead to red fumes evolution and autoignition. 

TRANCHANT (3, 4) investigated propellant stabilizer depletion 
between 60°C (140*F) and 100*C (212°F) and deduced a method giving an 
idea of chemical safe life. H. ROTH (5) developed a spectrophotometric 
method for the determination of stabilizer in propellants. 

202 

'-• ^ "-' - T i i 



All this work eventually resulted in drafting a Stanag (6), 
Stanag 4117 approved by N.A.T.O. members. It consists in heating sixty 
days at 65.5°C (150PF) a sample of the propellant to be tested and de- 
termining spectrophotometrically the extracted stabilizer content before 
and after heating. Requirements to insure a safe chemical life of five 
or ten years are on final stabilizer content and on stabilizer loss. 
This test is a real improvement in comparison with what was done before, 
but it has two drawbacks : 

- 65.5°C is too high a temperature and modifies the mechanism 
observed at normal storage temperatures. 

- spectrophotometric analysis of stabilizer is not accurate 
enough because it does not differentiate initial stabiliser from its 
nitrosated and nitrated derivatives (case of diphenylamine) appearing 
during aging. 

So, complementary investigations have been undertaken in 
France. 

PRELIMINARY INVESTIGATIONS 

Many experimentations have been carried out by S.N.P.E. under 
sponsorship of Service Technique des Poudres et Explosifs, S.T.P.E. 
(Propellants and Explosives Technical Service) and in connection with 
D.C.P. 

The aim was to quantify the effect of various parameters on 
the rate of nitrocellulose propellant decomposition in order to define 
a new stability test (on the same basis as Stanag 4117) giving more 
reliable information on propellant decomposition rate during natural 
aging. 

The parameters which were Investigated were : 
- temperature 
- tightness of vessel 
- propellant vater content 

A survey of this work is given hereafter. 

Effect of temperature on stabilizer depletion 

Experimentations have been conducted mainly on three types of 
single base, diphenylamine stabilized propellants : 
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- B 19 T (0.36) C, single base without dinitrotoluene coated 
with ethyl centralite, used in 30 mm air- 
craft ammunition 

- B 19 T (1.6), single base without dinitrotoluene used in 
105 mm tank ammunition 

- LB 7 T (1.2), single base with dinitrotoluene and dibu- 
tylphtalate, used in 100 mm Navy ammuni- 
tion 

40 g of propellant are introduced in a glass tube closed, but non herme- 
tically, by a stopper (tne same as the one used in Stanag 4117) and kept at 
fixed temperatures. The temperatures are 9O0C, 80°C, 65.5°C, 50°C, 40°C 
(194°F, 176°F, 150°F, 122°F and 104°F), the heating stages being from 
30 days to 360 days. The stabilizer is determined either by gas chroma- 
tography (G.C.) or by thin layer chromatography (T.L.C.). With the se- 
cond method, real diphenylamine and its nitrosated and nitrated deriva- 
tives are determined separately whereas the first one gives real diphe- 
nylamine content plus about one half of N-nitrosodiphenylamine (first 
D.P.A. derivative observed in aged D.P.A. stabilized nitrocellulose pro- 
pellants). 

Results are given on figures 1 to 5. Hereof it is possible to 
deduce that : 

- diphenylamine depletion (determined by thin layer chromato- 
graphy) obeys a first order law at every temperature. 

- rate constants of these reactions obey Arrhenius laws (see 
figure 6), the apparent activation energies of which are different when 
the propellant contains or not dinitrotoluene. The linear regression 
coefficient obtained when plotting logarithm of rate constant versus 
reciprocal absolute temperature are better than 0.99 in all cases. 

Single base without D.N.T. 
Propellant type 

B19T(0.36) C B 19 T (1.6) 

Single base with 
D.N.T. 

LB 7 T (1.2) 

Activation energy bet- 
ween 40#C and 9C°C 

21,6 kcal/, 
mble 

23'8 *caibu 29 kcal 

Correlation 
Coefficient 

0.998 0.990 0.991 
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As a consequence of these results, it is possible to say that, if at 
65.5°C a B and a LB propellant have the same rate of stabilizer deple- 
tion, at lower temperatures, LB propellant will deplete comparatively 
more slowly its stabilizer than the B propellant : a 6S.S°C stabilizer 
depletion test does not give a good idea of what happens at lower tem- 
peratures : SO°C, 40°C or ambient temperature. 

Effect of tightness of test tube : 

In order to assess the influence of tightness on stabilizer 
depletion rate, experimentation have been carried out at 40°C during 
one year on a single base propellant without dinitrotoluene (B 19 T 
(0.36)C) kept in 

- open tubes 
- same tubes as Stanag 4117 
- hermetically sealed tubes. 

The results (see figure 7) show that the rate of stabilizer 
depletion is far slower with open tubes than with Stanag 4117 tubes or 
hermetically sealed tubes. It seems to be due mainly to the elimina- 
tion by evaporation of propellant residual water : a stabilizer deple- 
tion test must be performed in sealed tubes cr at least in closed tubes 
in order to prevent propellant residual water escape which may alter 
results. 

Effect of propellant water content : 

As a complementary work on tightness effect it was necessary 
to study the effect of propellant water content on stabilizer depletion 
rate. 

Experimentation has been carried on at 50°C on two samples of a 
single base propellant without dinitrotoluene (B 19 T (1.6)) with ini- 
tial water contents of 0.9 % and 2.0 %. Propellant was kept in herme- 
tically sealed or simply stopper closed tubes. 

Results (see figure 8) show that : 

- even in dry surrounding atmosphere, a high initial water 
content involves a faster depletion of stabilizer than a low initial 
water content (propellants kept in stopper closed tubes), 

- in hermetically sealed tubes, stabilizer depletion rate 
also Increases with initial water content, a stability test must be 
performed on the propellant containing its normal water content and in 
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such conditions  that waU'-r cannot  escape during the test. 

50°C TEST AND RESULTS 

Description of 50°C test : 

All the results of the investigations partly above mentioned 
have led to the definition (common to S.N.P.E. and D.C.P.) of a stabi- 
lizer depletion test, known as 50°C test, whose main characteristics 
are under-mentioned : 

- condition the propellant to be tested 48 hours at 20 + 2°C 
and 65 % relative humidity, 

- heat the propellant (not ground) at 50°C during 42 days (six 
weeks), 

- gas Chromatographie analysis of extracted stabilizer before 
and after heating, 

- determination of stabilizer content decrease. 

Appendix 1 gi/es details on the complete method. A duration 
of 42 days was choosen because it usually corresponds with a stabilizer 
content decrease large enough to be detected with sufficient accuracy. 
However, a modified method is investigated in which high performance 
liquid chromatography is substituted to gas chromatography. This new 
analytical method which amplifies measurement results is more accurate 
(7, 8). 

RESULTS 

The test has already been performed on more than 200 lots and 
samples of several single base and double base propellants. Four labo- 
ratories (three from S.N.P.E. and one from D.C.P.) have taken a part 
in this work. 

As a general observation, it has been established that the 
results of the 50°C test depend on the family and the type of propel- 
lant : 

- single base base propellant without dinitrotoluene or plas- 
ticizer deplete their stabilizer more quickly than propellants contai- 
ning these ingredients, 

- double base propellants give results similar to single 
base propellants containing dinitrotoluene (see figure 9). 
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An evaluation of the significance of the results of this new 
test has been undertaken in order to know its real meaning and to coo- 
pare it with other usual stability tests. 

Numerous accelerated aging of propellant samples at 50°C du- 
ring six, twelve and twenty four weeks have demonstrated that the com- 
parative classification of propellants obtained after six weeks (with 
regard to stabilizer content decrease) was maintained for longer pe- 
riods. This test, though nos longer than six weeks, allows to have a 
good idea on future evolution of propellants tested. 

A comparison of results obtained on same propellants lots at 
50°C test and at 108.5°C VIEILLE Test (French acceptance test for sin- 
gle base propellants) indicates there is no correlation : two lots may 
give very different 50SC test results though giving same results at 
108.5°C VIEILLE Test (see figure 10). In the same way, a comparison 
with Stanag 4117 results has shown there were no correlation, even for 
a given propellant type. 

It demonstrates the limites of these two tests. 

CONCLUSIONS AND RECOMMENDATIONS 

Stability tests used in western world are not satisfactory 
if one wants to predict the safe storability of gun propellants. Inves- 
tigations conducted on France have resulted in the definition of a new 
test, derived from Stanag 4117, and consisting in determining stabili- 
zer content decrease of a propellant sample kept six weeks at 50°C. This 
test has the advantage of being performed at a temperature not far 
from normal storage temperatures which makes it realistic. It has the 
drawback of a total duration of about seven weeks, which is too long 
for an acceptance test. It seems it realizes the best compromize 
between all the requirements a stability test must satisfy. 

Numerous complementary experimentations are in progress in 
order to establish its real significance. A comprehensive opinion will 
reliably be reported only after visiting ammunition lots containing 
propellants tested in 1976 and 1977 (in 1961 - 1982). The problem of 
fixing requirements on stabilizer content decrease will be approached 
when sufficient comparisons between results of the test and results of 
natural aging are available. But now, this test is usually performed 
on France, either by the propellant manufacturer wanting to know the 
effect of changing a stage of manufacturing process on propellant sta- 
bility, or by the Pyrotechnical Control Division wishing to know more 
about storability of propellant lots. 
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It is wished that this test be investigated in many countries in order 
to accumulate a large number of results (obtained preferably by using 
liquid chromatography). The final aim is to provide a common method gi- 
ving a good evaluation of propellants stability. 

We thank MM. DREYFUS and LEVEQUE (D.C.P.) for giving us a lot 
of results used in this work. 
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Figure    7 
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Figure   8 

216 

» ■  - ■ - -■ ■  *~.^~«..~>*~~*~»~.~.~     ...    ...~ w^.-^.^.*^-.,—~— 



g u» IN « N •— a a a 

§ O a a a 9 a O 

-1        U) 

<         J 

6         5 o ut « m * 
fM W a a a 

2 a O a a a 

> 
» 

o f» u* 
£           ° ** a o o 8 a 

5           < 
a o ° a • a o 

5    5    » 
z o 

1   °   5 • m o at 
M #■• m 

2 O o a " a 

>' 
o a 

IB 
o 

m 
o O o o 

IM                   Z o o a a 
3          i 
3    ►-    ** 

i         8 4     o 

3       ! 
* ** •t 

M 
r» 

a 

S a o a 0 

\A 

5  § 
I   s o «• u» - * (• M 

Z         u» 
►- 

*—\ _ 

1 *57* "7" s #—N 

« *■—<* «A» 3 *—* 
m 

m 
3 
• 

i- 
• t 

m 

m -j 8 
*? 

I 1 8 si !»! 3 i . 3 I 5 s 
*    *    « 
yj                o 

i % i • 

i 
t M 

tigur«   9 

217 

--'■     -!■■ ■ IMI"-'- •- - 



05% 

04 

03 

02 

01 

ViEILLE   TEST 

n^ü 

+ 

100h 150h. 

0.5 <• 
, STANAG   4117 

+ 
04 

0 

•* 

03 • 
0 + 

4 

02 - 0 

0 c 
01 » 

0 + 
n 

u 

0.1 02        0.3        04        05        06% 

RESULTS OF VIEILLE TEST AND STANAG 4117 COMPARED WITH   50° C 

TEST 

Figure   10 

218 

-»-' —f~:iz. ?■■-•■ -■—i   - ■ I -■■       ,-  1 m..-lm..    . 



APPENDIX  1 

November 1975 FP 403-C-l 

Project 50°C STABILIZER DEPLETION TEST 

CRB - ETBS Page 1/3 

1 SCOPE : 

This method is used for all single base and double base pro- 
pell, nts, stabilized with diphenylamine, 2-nitrodiphenylamine or ethyl- 
centralite. 

2 PRINCIPE : 

A propellant sample is artificially aged 42 days at 50°C in 
a stopper closed glass tube. The decrease of stabilizer content is mea- 
sured. 

3 APPARATUS : 

31 Gas Chromatograph equipped with flame ionization 
32 Potentiometric recorder 
33 1 VJ 1 syringe 
34 Volumetric flacks 
35 Extraction flask 
36 Thermostatic block or stove 
37 Glass tubes with stopper (see figure) 
38 Thermometer ; scale division not greater than 0.2°C 

4 MATERIALS (Depending on the type of propellant tested) : 

41 Methylene chloride 
42 Diphenylamine 
43 Ethylcentralite 
44 2-nitrodiphenylamine 
45 Dipropylphtalats 

5 PROCEDURE   : 

51.   Aginq 

511 Propellant preparation. Condition the propellant before test 
during 48 hours in an atmosphere of 65 ±  5 % relative humidity at 2o 
♦ 2°C. 
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November 1975 
 1 

FP 403-C-l 

Project 50°C STABILIZER DEPLETION TEST 

CRB - ETBS Page 2/3 

Use grains of propellant as they are, when possible. Grind other 
propellants and keep only 2-5 mm fraction. 

512 Aging tubes preparation. Divide the sample into two parts. 
Keep the first part (25 g) in a tube at 20 ± 5°C ; put the other part 
into three aging tubes (25 g by tube). Introduce propellant without 
ramming. Introduce only a whole number of grains for not ground propel- 
lants. Close the tube by gently putting the stopper (without grease). 

513 Aging. Keep the tubes at 50°C ± 0.5°C during 42 days. Veri- 
fy temperature with a thermometer inside an empty check tube. When using 
thermostatic block, the tubes must be fully inside the block. 

52. Stabilizer content determination 

521 Sample preparation. Grind each sample separately and sieve 
them through 20 mesh sieve. Determine stabilizer content before and 
after aging by gas chromatography. 

x  : stabilizer content before aging, 
o 

x  : i = 1, 2, 3 stabilizer content of propellant kept in 
the three tubes 1, 2 and 3. 

Stabilizer content is determined according following methods : 

- FP 202 C3 for diphenylamine stabilized single base propellants, 
- FP 202 HI for ethylcentralite stabilized double base propel- 

lants, 
- FP 202 H2 for 2-nitrodiphenylamine stabilized double base pro- 
pellants. 

6  RESULTS : 

61 The differences between stabilizer content of non aged sample and 
stabilizer contents of the three aged samples are calculated : 
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November 1975 FP 403-C-l 

Project 50°C STABILIZER DEPLETION TEST 

CRB  - ETBS Page 3/3 

x - x. 
o    1 

x  - X 
o   2 

A ,=  x  - x 
3    o    3 

62 The results may also be expressed as a mean decrease on percen- 
tage . t 

A % = 
Al  + A2 *    A3 

3 x 
x 100 

K.'.X,  TUBE 

Class stopper 
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ABSTRACT 

Castable Composite Explosive formulations have been developed 
at DREV. These composite explosives are mixtures of RDX, HMX, Al  and/or 
NHi+Cfi.0^ in a rubbery matrix which is obtained by curing a dihydroxyl pre- 
polymer w'.th a diisocyanate in the presence of a plasticizer, a catalyst 
and minor additives. 

In 1974, a small effort was undertaken to assess the storabil- 
ity of a given formulation by submitting explosive samples to controlled 
aging at 293, 333 and 353K for slightly over a year. Extensive determina- 
tions of mechanical properties were conducted using an Instron Tester. The 
change of elongation at maximum load can be fitted to an empirical equation. 
However, although the change of stress at maximum load was found to be a 
function of temperature, it could not be predicted by a simple relation. 
Swelling and permeability tests on samples aged at 333K showed that cross- 
linking increases with time of aging.  Infra-red cells were mounted on 
glass tubes to determine the nature of gases evolved by explosive samples 
kept at constant temperature in such tubes.  It was shown that at 338.5K 
the N20 band increased linearly with time of aging. 
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SYMBOLS 

a constant (h-1) 

A-2246 2,2'-methylenebis (4-methyl-6-tert-butylphenol) 

DEHA di(2-ethylhexyl) azelate 

FeAA ferric acetyl acetonate 

HTPB hydroxyl-terminated polybutadiene (R-45M) 

k rate of strain change (d"1) 

RDX cyclotrimethylene trinitramine 

RNB relative number of crosslinking bonds 

T temperature (K) 

t time of aging (d) 

t' time in gas Chromatograph (h) 

t retention time 
r 

TDI toluene diisocyanate 

V specific retention volume 

V retention volume 
r 

V volume fraction of polymer in solvent-swollen gel 

w weight of coating (g) 
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INTRODUCTION 

In 1974, a preliminary study was initiated at DR!;V to characterize 
the aging of a castable composite explosive based on RDX crystals and 
polybutadiene binder. Four testing methods were used. These methods included 
standard mechanical properties measurements to characterize the composite as 
a whole, gas evolution tests by infrared to follow the evolution of the ex- 
plosive, the twe others, permeability by inverse gas chromatogrcphy and 
swelling to assess binder changes. 

Mechanical properties determinations were done on composite 
samples aged at three different temperatures but for the three other 
techniques, only samples aged at 333K were used. Furthermore, the tests 
by infrared and Chromatographie techniques were conducted respectively at 
338.5K and 373K because no change appeared when conducted at room temper- 
ature. 

This work describes the formulation of the composite, the oven 
aging, the procedures used for each testing technique and presents the 
results obtained. 

EXPLOSIVE COMPOSITION AND AC INC. 

Formulation and Processing 

The explosive used in this work was a composite material which 
consists of cyclotrimethylene trinitramine (RDX) crystals supported by 
an elastomeric binder. The binder used consisted of hydroxyl-termin- 
ated polybutadiene prepolymer (R-45M) with di(2-ethylhexyl) azelate 
(DEHA) as a plasticizer. An antioxidant 2,2'-methylenebis(4-methy1- 
6-tert-butylphenol) (A-224b) was included in the R-45M at a concentration 
of 1°6. A curing agent, 2,4-toluene diisocyante, was used at a concentration 
to make the ratio (NC0)/(01I) = 1.1. The catalyst was ferric acetyl acetonatc 
(FeAA). Two RDX stocks were used, both supplied by Canadian Industries 
Limited. One consisted mainly of fine crystals and is designated Class Y. 
type B in military specification RDX MIL-P-398C. The other consisted 
mainly of coarse crystals and is designated Class C type B in the a/m 
specification. Both stocks were used as received. The detailed composi- 
tion is given in Table I. 

This composite explosive was processed in an helicone verti- 
cal mixer with a capacity of 10 gal Model 10CV, manufactured by Atlantic 
Research Corporation. At the end of the mixing cycle, the composition 
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was transferred directly, by gravity and under vacuum, into casting molds 
of about 15 x 13 x 13 cm and cured at 333K for 7 days. 

Aging 

At the end of the curing period, the composite was machined 
in slabs of 1.27 cm thick. The slabs were heat aged separately at 293, 333 
and 353K in unsealed polyetheJene bags. 

TEST PROCEDURES AND RESULTS 

Gas Evolution by Infrared 

Procedure 

The infrared method (IR) of studying the accelerated aging 
of composite explosive is very simple and requires a very small sample 
for a complete study.  It consists in sealing about 3 g of sample, under 
vacuum, in a test tube which is connected to an infrared cell having a 
path length of 10 cm and mounted with NaCd windows. The test tube is 
placed in one of the cavities of a metal thermo-regulating block similar 
to those used for the "Vacuum stability test" of explosive materials. 
The gases evolved during the heating of the sample at constant tempera- 
ture (338.5K) are collected through the IR cell which is at room tempera- 
ture. The cell is taken out from time to time for determining the infra- 
red spectrum of the gases evolved permitting the identification and 
evaluation of the decomposition products. This method was described in 
an earlier document (1). 

Results 

Among the gaseous products evolved from the composite explo- 
sive, we noted the presence of N20 doublets at 2200-2230, 1250-1290 cm"1, 
CO, 2330 cm"1, H20 3700 cm"

1, IICOOI! 1075-1095-1100 cm"1, and traces of 
1IN02 by the formation of NaNOo on NaC£ windows (absorption at 1360 cm"

1) 
after long aging study. N20, the major component of the decomposition 
products, has retained our attention being related directly to the 
explosive (RDX). 

Figure 1 shows the evolution rate of N20 at 338.5K versus 
time expressed as one over "t" for a freshly cured composite. During 
the first 20 days of heating, the evolution of N20 from th.- composite 
is too small to be measurable with this IR cell. Between 20 and 80 
days of heating which corresponds to 50 and 12 on the graph (1/t), 
the evolution is linear meaning that the decomposition is following 
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a first order process. From 80 to 250 days, 12 to 4 on the graph, the 
N20 evolution is again linear with time but the slope is very much in- 
creased and probably corresponds to another decomposition mechanism. 

Figure 2 shows the normal evolution of N20 during the heat- 
ing of RDX at 338.5K under the same conditions. The N20 evolution rate 
is slightly smaller than it is for the initial part of the composite 
explosive curve. 

Figure 3 describes the N20 evolution at 338.5K from composite 
samples having the same composition but different times of aging. The 
first or.; is the same freshly prepared composite while the other three are 
samples previously aged at 333K for 130, 250 and 375 days. A strong change 
is noted in the first part of the evolution of N20. As shown in Table II, 
the rate of evolution of N20 increases regularly with the time of aging. 
F.very sample finally reaches a second stage of rapid evolution of N20 where 
all the samples more or less fall on the same line. This behavior could 
be explained by the action of the binder or its ingredients on RDX decreas- 
ing its stability.  In the first part of the N20 evolution curve, the anti- 
oxydant neutralizes most of the oxidizing gas, then when the antioxydant is 
completely depleted, all the samples similarly began showing an increase 
production of N20. 

A straight line is obtained in Figure 4 when plotting the slopes 
of the 'evolution -"ate of N20' versus the 'time of aging' at 333K. This 
permits to estimate the aged period of the composite explosive ac 533K. 

Permeability by Inverse Gas Chromatography 

Procedure 

All the Chromatographie measurements were done at 373K on two 
Vapor Fractometers, Model 154D from Perkin Elmer Co. using thermal 
conductivity detectors and He as the carrier gas. Turnings from the compo- 
site explosive dogbones for mechanical property measurements were put direct- 
ly into 0.63 cm wide and 30.5 cm long copper columns using normal Chromato- 
graphie procedures. 

Figure 5 compares conventional gas chromatography to the 
molecular probe, also called inverse gas chromatography.  It is noted 
that in the molecular probe experiment, a known probe, for our purposes 
nonane or decane, is injected in the flowing carrier gas. The inter- 
action of this probe with the unknown coating (binder) on the inert 
support (solid explosive) is characterized by changes in the retention 
times. 
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The retention time (tr) is measured from the maximum of the 
air peak to the maximum of the alkane peak. The flow of the carrier 
gas is measured to calculate the retention volume (Vr) of gas required 
to elute the probe. Vr is corrected for the temperature (T) of the 
gas Chromatograph and the pressure drop through the column and trans- 
formed to the specific retention volume {V„)  by the following equation: 

V 
V = 273/T — 
g w 

where w is the weight of the coating in g. Vg has the important ad- 
vantage of being independent from instrumental parameters. The details 
of this experimental procedure have been published (2, 3). 

Results 

In brief, the molecular probe test can be taken as the heat- 
ing in an inert atmosphere of a series of composite explosive samples 
which have been previously aged in air for various durations.  Indeed, 
it can be expected that any change in the binder will result in a 
change of permeability of this binder (coating) to the gas probe 
resulting in variations of the retention volume of the probe. 

First, in the gas Chromatograph environment, all the samples 
showed a decrease of the specific retention volume with time (h) in 
Chromatograph which could be plotted as a straight line (Figure 6) using 
the following equation: 

log V /V »at« 

where a is a constant and V„0 is V„ at t' =0. Thus, in He, the binder- 
becomes slowly and regularly less permeable to the probe. This form 
of equation is also characteristic of a first order kinetic process. 

However, as can be seen in Table III, the rate of this process 
changes slightly after 60 days of aging in air.  It is obvious that the 
original sample and the two samples aged for 30 and 60 days at 333K give 
similar slopes averaging 14.7 x 10"5h"1 by the molecular probe while 
the three samples which were aged for 130, 250 and 375 days gave a 
second set of similar slopes averaging, 22.8 x 10"5h"1. These two 
sets of slopes indicate that the three samples aged for 130 days and 
more follow the same trend as the other three but at a slightly faster 
rate when subjected to heating at 373K under He as in the molecular 
probe experiments. 
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Swelling Measurements 

Procedure 

To check if there was a variation of crosslinking during aging 
of a composite explosive at 333K, swelling tests were run.  Samples of a 
composite weighing approximately 1.5 g were covered with reagent-grade 
toluene and sealed in a container for seven days at room temperature. 
The swollen stock was removed from the solvent and weighed to determine 
the solvent uptake.  After drying the swollen stock under vacuum, the 
sample was reweighed to obtain the dry weight.  From these values, the 
volume fraction of polymer in the solvent-swollen gel (V ) excluding 
filler and the percent gel were c .Iculated by methods described in the 
literature (4, 5).  The relative number of crosslinking bonds (RNB) 
is approximately proportional to the number of chemical bonds at the 
branch points and related to the state of cure (6).  It is calculated 
as follows: 

RNB = V 5'  x percent gel 
x     ' 

Results 

The results in Table IV indicate that the RNB increased from 
2.27 to 3.32 as the time of aging increased. This shows that new cross- 
linking bonds are formed at 333K with time. The low RNB value of 2.36 
obtained after 250 days at 333K could not be explained. 

Mechanical Testing 

Procedure 

Each measurement of the mechanical properties at 293K of the 
heat aged composite explosive was obtained using four JANAF diecut dogbone 
specimens on an Instron Tester operating at an extension rate of 5.08 
cm/min. 

Results 

Table V displays, for different times of aging, the maximum 
stress and the corresponding strain and modulus of samples aged 
at 293, 535 and 353k.  Fro» an initial value of 382 kPa after curing, the 
stress increases as high as 559 kPa for 400 days of aging at 553K when 
the strain decreases from 20.51 to as low as 3.21.  For approximately 
the same period of aging at 293k, the maximum stiess remains almost un- 
changed while the strain decreases from 20.51 to 17.5°«. 
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The relative strain c/e and stress a/a0 values were plotted 
against time for the three temperatures of aging (Figure 7). This figure 
shows that strain decreases monotonicly with time for all temperatures 
but that relative stress does not. When values of e0/e are plotted 
against 'square root of time', straight lines are obtained (Figure 8) 
and a constant rate of deterioration (k) can be attributed to each 
temperature of aging: 

/e = kv2/7 e 
o 

where e0 and e represent strain at time zero and time t of aging. The 
values of k tabulated on Figure 8 vary from 0.009 to 0.273 d"1 when 
temperature of aging increases from 293 to 353K. 

Using the Arrhenius equation and the aging rate constants, 
an apparent energy of activation for this aging process was calculated 
from the slope of the straight line obtained by plotting 'In k' against 1/T 
(Figure 9) where T is the aging temperature. The activation energy was 
calculated to be 48 kJ/mole. From these results, it is justified, with- 
in the range of temperatures and period of aging considered, to calculate 
the equivalences time-temperature: as an example, I day at 353K would 
be equivalent to 30 days at 293K. 

CONCLUSIONS 

Tensile tests show that the strength of the castable composite 
explosive developed at DREV increases with time of aging at 293, 333 and 
353K. The decrease of the relative strain over one year of aging can be 
defined by one equation. 

Swelling measurements and permeability tests by inverse gas 
chromatography on samples aged at 333K indicate that the binder crosslinking 
increases regularly with aging with a break between 60 and 130 days. 

Gas evolution by infrared proves that the N20 emission follows 
a two stage process: the rates during the first stage increase with time 
of aging while the rates of the second stage are common to all samples. 

232 

BMaaai^äa ■--•-■"-• ■ L«Mm i i ■»—■ - ^caa 



REFERENCES 

1. Bedard, A.M., 'An Infrared Technique to Assess Processing Hazards 
in the Manufacture of Composite Explosives', DREV TN-1967/71, 
October 1971, UNCLASSIFIED. 

2. Perrault, G., Tremblay, M., Bedard, M., Duchesne, G. and Voyzelle, R., 
European Polymer J., .10, 143 (1974). 

3. Perrault C, Duchesne, G. and Tremblay, M., European Polymer J., 10, 
747 (1974). 

4. Flory, P.J., Principles of Polymer Chemistry, Cornell University 
Press, Ithaca, N.Y. 1953, p. 576. 

5. Tremblay, M., Manseau, L., Ouellet, A. and Duchesne, G., 'Determination 
du degre de reticulation des liants utilises dans les propergols solides', 
DREV TN-2090/74, March 1974, UNCLASSIFIED. 

6. Consaga, J.P. and French, D., J. of Polymer Sei. 1_5, 2941 (1971). 

233 



INGREDIENTS WEIGHT 
PERCENT 

RDX 85-° 

Class E 
Class C 

HTPB R-45M 7.68 

DEHA 6.75 

TDl 0.57 

ADDITIVES 

FeAA (added) 0.005 

SURFACE AGENTS (added) 0.2 

25.5 
59.5 

TABLE I - PERCENTAGE COMPOSITION PER WEIGHT 
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AGING ABSORBANCE RATE 

d N20abs . t 

0 4.2 

130 11.4 

250 15.0 

375 23.6 

TABLE IS - N20 ABSORBANCE RATE AT 338.5K FOR 
AGED COMPOSITE AT 333K 
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AGING 

d 

'a' x 105 

h'1 

0 15.0 ± 0.5 

30 13.8 ± 0.6 

60 15.2 ± 0.7 

130 23.0 ± 1.0 

250 24.0 ± 1.0 

375 21.3 ± 0.5 

TABLE III - RATE OF SPECIFIC RETENTION VOLUME DECREASE 
WITH TIME FOR SAMPLES PREVIOUSLY SUBJECTED 
TO ACCELERATED AGING IN AIR AT 333K 
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AGING RNP 

d 

0 

30 

60 

130 

250 

375 

2.27 

2.27 

2.74 

3.16 

2.36 

3.32 

TABLE IV - RELATIVE NUMBER OF CROSSLINKING BONDS IN 
COMPOSITE EXPLOSIVE WITH TIME OF AGING AT 333K 
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TEMP. TIME STRESS STRAIN MODULUS 

K d kPa % kPa 

293 0 382 20.5 2,715 

40 386 19.0 3,004 

90 396 19.0 2,990 

190 406 17.6 3,300 

390 347 17.5 2,846 

333 30 435 17.7 3,466 

60 494 14.0 5,195 

130 493 10.3 6,835 

250 516 7.9 8,578 

375 537 7.7 10,280 

353 10 499 13.7 5,133 

25 551 10.5 7,820 

50 544 7.0 10,990 

100 504 5.3 13,828 

200 513 4.2 16,612 

300 505 3.5 18,417 

400 559 3.2 22,744 

TABLE V - MECHANICAL PROPERTIES AT 293K OF 
AGED COMPOSITE EXPLOSIVE 
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FIGURE 3 - N20 EVOLUTION AT 338 5K FROM PRE AGED 
COMPOSITE EXPLOSIVE AT 333K 
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DETERMINATION OF KINETIC DATA BY THE THERMAL 
STEP TEST (TST) 
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ABSTRACT 

In 1968 P.A. Kendall and J.M. Rosen (NOL) published their 
"Thermal Initiation Apparatus for High Energy Materials".  A fluid 
sample is confined in a stainless steel capillary tube and heated 
by capacitor discharge up to about 900 K in a few microseconds. De- 
termination of the "delay time to explosion" at different temperatures 
yields kinetic data of the decomposition of the high energy material, 
i.e., the activation energy. 

By some modifications of the experimental set-up of a comparable 
test method at the Technological Laboratory TNO, resulting in the so- 
called Thermal Step Test (TST), it appeared to be possible to test 
solid materials as well, without previous melting.  This has been 
realized by using a capacitor of a higher value, wider tubes, a strong 
thyratron and the elimination of self-inductance.  However, the acti- 
vation energies determined by this method do not agree with values 
obtained from other experimental methods which show values deviating 
as much as 100 percent in some instances.  Therefore, a computer pro- 
gram has been written to compute the delay time to explosion on the 
basis of geometrical and electrical configuration.  So the influence 
of the time constants in the system can be evaluated and various de- 
composition mechanisms can be simulated. 
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INTRODUCTION 

In 1968 P.A. Kendall and J.M. Rosen (NOL) published their 
"Thermal Initiation Apparatus for High Energy Materials" (Ref 1). 
This test method enables the investigation of the behaviour of thermal 
sensitive materials in contact with very rapidly heated walls in the 
temperature range of 600 K to 1300 K.  So the experimental input, 
"stimulus", is a temperature of the wall and the output, "response", 
is a delay time to explosion. The rapid heating is realized by a 
discharge of a large capacitor through a steel capillary tube filled 
with the high energy material under investigation. A further de- 
scription of the apparatus and the modification developed at the 
Technological Laboratory TNO, resulting in the so-called Thermal 
Step Test (TST), is given in the section titled Experimental Set-up. 

From the temperature of the wall immediately after the jump and 
the delay time from the moment of capacitor discharge until tempera- 
ture increase due to explosion, the pseudo-zero order chemical re- 
action rate constant and activation energy can be calculated. This 
problem is treated in the section titled Interpretation of the 
Experimental Data. 

EXPERIMENTAL SET-UP 

A scheme of the electric circuit is given in Figures 1 and 2. 
The capacitor C is charged by a low power high voltage supply through 
the filled capillary tube R.  At the moment when the final voltage 
V or energy 1/2CV is reached the thyratron is triggered by the 
trigger unit T, shown in Figure 2, and the capacitor is discharged 
through tube R.  The theoretical maximum temperature of the tube 
realized in this way is given by 

(1) To = T~+   *   CTo  /{C
2   V  *   (  ro"ri   >   }« 

where T^ is the room temperature, p„ the specific mass of the metal 
of the tube, c. its specific heat, 1 its length, and r, and r the 

2   ,. v i     o 
inner and outer radius. 

Due to unavoidable self-inductance of the circuit a residual 
voltage V^ occurs, so that equation (1) has to be modified as fol- 
lows to find the tube temperature aftei discharge: 

T = T + C(V2 - V2  )/(2p.r,H (r2 - r?) } . 
(2) o   o°     o   °»       2 2     o   l 

It appeared to be feasible to select such dimensions of the cir- 
cuit that wide stainless tubes could be applied (the tubes tested are 
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characterized by r. = 0.15 and 0.7 mm respectively, r =0.3 and 0.9 
mm respectively, and 1 = 50 mm), and solid high energy materials 
could be tested without previous melting of the substance. 

The temperature of the tube can be measured by monitoring the 
voltage drop V over the tube with resistance R caused by a constant 
low current i. This current has to be low in order to avoid heating 
of the tube prior to the discharge of the capacitor. A separate 
determination of the temperature dependence of the resistance of the 
tube material enables us to write. 

T = T  .+ d. { R/R , - 1 }+ d, {R/R , - 1 }2, 
/■$) °   ret:   '    ref       2    ref 

where d- and d„ are empirical coefficients of the polynomial giving 
the temperature dependence of the resistance based on R=R , at T=T 
and according to Ohm's law. 

(4)     R= v'i0 • 

So the relevant quantities of the TST are the initial voltage V 
of the capacitor, measured by a high voltagemeter, and the value of 
V/i immediately before and after the discharge, monitored on a 

cathode-ray oscilloscope of UV recorder.  A TST sample result is given 
in Figure 3. 

One could wonder which value of T , (2) or (3), is the most 
reliable. Since the resistance of the circuit is low, in particular 
with our relatively wide tube, the parasitic self-inductance and 
therefore V are high, resulting in a low efficiency of the capacitor 
stored energy. So it is difficult to predict the final temperature T 
on the basis of an adjusted value of the high voltage V , because the 

moment of the explosion cannot be reproduced with an uncertainty 
smaller than the resonance vibration time of the circuit. An advan- 
tage, however, is that the temperature step (T T^) may be expected to 
be realized instantaneously. 

Kendall and Rosen determine the temperature of the capillary tube 
by measurement of the electric resistance. However, the temperature 
dependence of the resistance at high temperatures is not easy to be 
determined due to radiation losses. The errors in the empirical con- 
stants d1 and d~ have a great influence by the exponential occurrence 
of the temperature in the reaction kinetics. 
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It is useful to correct T from (2) or (3) as the contact 
temperature of two bodies at initial temperatures T and T., given 

by ° 

(5)   T = \Zv2 VT
0*v^7?Ti 

\AP1     C\        VX2 p2 C2 
where A.   is the heat conductivity,  p.  the specific mass and c.  the 
specific heat  (i=l for the body at temperature T.  and i=2 for the 
substance). 

INTERPRETATION  OF  THE   EXPERIMENTAL  DATA 

Kendall and Rosen (Ref 1) give in their paper a linear relation- 
ship between the logarithm of the delay time to explosion T and the 
reciprocal of the initial absolute temperature T    or 

(6) 10log T = A + B/To, 

where A and B are constants.  In which way reaction kinetic data 
such as the activation energy E and the specific heat generation 
constant qk (the product of the specific heat of explosion and the 
reaction rate constant, which cannot be separated) may be determined 
on the basis of A and B, is not mentioned by them. 

If we suppose that the sample is adiabatically confined in the 
tube we may use Frank Kamenetskii's formula for the (adiabatic) in- 
duction period (Ref 2) 

(7)      T 

c,R T2 
1  o 

ad     _- _ E/ (RT ) 
E qk e      o 

(R is the universal gas constant) from which follows the linear re- 
lationship 

(8)      In (Tad/T
2) - E/(RTQ) + In {C]R/(E  qk)} . 

(After substitution of the quantities in this formula by representa- 
tive numerical values it appears that in general it is not allowed 
to write this equation in the form of (6).) However, by plotting 

the measured values of ln(Tad/T ) vs. 1/T the activation energy E 
can be computed froir the slope and subsequently the quantity qk 
from the intercept. 
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Now we have to answer the question whether the state of the 
sample in the capillary tube is really adiabatic.  The primarily 
heated exterior layer will lose its heat to the rest of the sample 
and, when the temperature of the outside layer is higher than the 
temperature of the wall by the decomposition of the sample material, 
also to this wall, since a good thermal contact between the sample 
and the wall is desired to make adequate heating of the sample 
possible. The transport to the rest of the sample will be important 
in the first part of the process and is described by the penetration 
theory, and the transport to the wall is important in the final 
part.  The exploding layer of the test substance will be situated 
more to the exterior as the initial temperature T is higher. 

The concept of the internal heat transport in case of cylinder 
symmetry has been numerically treated by Merzhanov and Averson (Ref 3) 
and results in the numerically empirical equation. 

(9) ln{T   /(To-Tro  )}  =|^+ln[o.2clP/qk  .   (E^-TJ/ORT* + b} I 

The constant B is equal to 8 in the event of ignition and equa - to 
5 for a significant increase in temperature of the sample.  (Tie 
approximative nature of this formula appears from substitution of 
T =T , which does not yield the right value of T, namely x  .) 
lo ad 

However, considering that the depth of penetration at the 
moment of the explosion is relatively large and the exploding layer 
will be near the boundary, we prefer an equation based on heat 
losses related to the temperature of the metal wall, 

3T      _   -E/(RT) 
(10) PC,V — = pv qk e        _  aS(T-T ), 

o 

as a starting point, where T represents the mean temperature of the 
relevant hot layer of the sample, V its volume, S its surface and a 
a heat transfer coefficient between this layer and the wall of the 
tube. When we rewrite (10) as 

(U,    £ - * e - F (K.) , 

the unknown quantities t, S and V are caught in 

(12)     F = a S / (pClV). 



After some approximations, for instance the Frank-Kamenetskii approxi- 
mation for the Arrhenius term, we may conclude to 

(13) x = - ~  In (1 - F Tad) 

in a pure analytical way, where X  is given by (7). It appears that 
for values of x , ■£ 1/F (13) is a false equation.  Let us call the 
initial temperature at which T  = 1/F, T , then we see that T is 
a critical or minimum ignition temperature, since x  and T are 
negatively correlated.  Indeed we have to realize a certain smallest 
temperature step to cause ignition and so the temperature x can 
be determined experimentally. 

We suppose that the heat transfer quantity F is independent of 
the initial temperature T and when the adiabatic induction period 
at T is given by x ,, it follows that o   ö     J    ad' 

(14) T=-x*dm (1-Tad/T*d). 

The ratio x ,/x , decreases very rapidly with ("! -x ) and so we may 
ad ad 4 ° ° 

write in a good approximation (e.g. if (T -T ) > 15 K) 

(15) x = -x* ( -x ./T* ) = x ,. ad    ad ad    ad 

Hence, the state of the sample may be considered adiabatic  when the 
initial temperature T differs sufficiently from the critical value 
x although this condition is satisfied more quickly at room tempera- 
ture than at the temperatures of several hundreds of degrees relevant 
to the TST.  This holds even when F is not constant at different 
values of T .  Then application of (8) yields the activation energy 
E and the quantity qk. 

COMPUTER MODEL 

The caloric behaviour of the tube and its contents is represented 
by 

(16)    >1CP ff
= *•* VT +*"• , 

neglecting convection phenomena in the substance, in which 
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(17) ° = P(r, T (r, T)} 

is the specific mass (the configuration is supposed to be cylindri- 
cally symmetric and the dependence of the radius r serves to dis- 
tinguish between the properties of the tube and its contents, as a 
function of the temperature T, varying with time t and place r), 

(18) c = c { r, T (r, t)} 
P   P 

is the specific heat, 

(19) X =X{ r, T(r,t)} 

is the heat conductivity, while the heat production density is 
represented by 

(20)    *  =Mr, T(r, t)} 

Rearranging the terms yields 

( V . XVT +*"*). 
(21) 

11 
at 

l 
PC 

It is quite possible to compute with a current and dissipated energy, 
both varying in time but the relaxation time of the discharging 
process is about a thousand times shorter than the delay time to 
explosion and so we are allowed to suppose 

(22)   T(r, t-O) » T + e(r - r.) .(T - T ) , 

where e (r - r.) is a Heavyside step function. The chemical heat 
production density is written as 

(23) £ (r^ r) . p qk 
E/(RT) 

where qk is the specific heat generation constant, E is the activation 
erergy, and R is the universal gas constant. 

257 

■   i ,*_.,„ 



Equation (22) yields one boundary condition.  The other condi- 
tions are 

(24)    V T (r = 0,t) =0 

and 

(25)     V T (r = r0,t) = 0, 

based on neglecting convective and radiative heat losses to the sur- 
roundings within the relevant time. So Equation (21) may be solved 
in a numerical way to compute T(r,t) and the delay time to explosion 
if p, c , A, qk and E (physical and chemical constants) are given. A 
priori the Du Fort and Frankel method (Ref 4) seems to be recommend- 
able, but in practice the Binder-Schmidt method with a fixed dis- 
tribution of variable steps satisfies better. 

EXPERIMENTAL RESULTS 

The results of experiments with four liquid and three solid 
high-energy materials are given in Table 1 and Table 2; application 
of (3) (no boundary correction as in (5)) in (8) and (9) yields the 

data shown.  So far a determination of T , and i" is not possible 
with sufficient accuracy.  The last columns in the tables contain 
values found in literature.  Figure 4 shows the plot In (T/T 
against 1/T foi one sample. 

The effect of corrections of the boundary temperature according 
to (5) on the calculated activation energy E is limited to only 1%. 
Variation in the constants d. and d~ in (3) of 5% causes a variation 
of the activation energy of 2%.  Replacement of (3) by (2) as a 
basis for the initial temperature T has an influence on E of 10% at 
the most except the cases of ethylene glycoldinitrate and the propel- 
lant, where 100% difference is encountered. 

DISCUSSION 

The interpretation of the delay time to explosion T poses two 
problems:  the initial temperature of the wall of the tube T 
cannot be measured accurately, and it is not easy to correct the 
induction time T for non-adiabatic confinement conditions in the 
tube. A priori we expected to find activation energies of an order 
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of magnitude of at least 150 k.T/mole, because reaction mechanisms 
with relative large activation energies may be expected to govern 
the decomposition process at high temperatures.  However, values 
were found of 20 up to 100 kJ/mole.  This discrepancy is confirmed 
by the fact that substitution E in the computer model of the E- 
values found experimentally, complemented by literature values for 
c, p. and A. (i = 1,2) does not yield an explosion at all.  The 
effect on E of corrections and various computation methods is limited 
(only a few percent). Nevertheless, the values found by us agree 
with the experimental results of Kendall and Rosen (Ref 1) and of 
Wenograd  (Ref 8) although these results were obtained by melting 
the solid materials previous to testing. 

It is evident fror? equations such as (8) and (9) that heat 
losses due to non-adiabatic conditions give rise to different values 
of the factor qk especially; the influence on the value of E is 
relatively small. 

Possible explanations for the observed discrepancy are:  (a) 
Heating of the sample in contact with the wall is obstructed by a 
vapour layer, resulting in lower apparent values of the activation 
energy at high temperatures: as the vapour layer will be thicker at 
high temperature its insulating effect will be larger.  (b)  Also, 
melting and gasification of the substance could influence the de- 
composition kinetics.  (c)  Unlike Zinn and Rogers (Ref 9) a burst- 
ing criterion of the tube by pressure build-up is not included in 
the calculation of the time to explosion.  (d) Another contributing 
cause could be electrical skin effect so that most energy stored in 
the capacitor is dissipated at the outside surface of the capillary 
tube. 

CONCLUSIONS 

A preliminary test series with the TST showed experimental 
results which are in agreement with previous work, but are not well 
explainable in terms of self-heating theory and known reaction 
kinetics.  Further investigations on this rather direct and rela- 
tively simple method on thermal decomposition in the milliseconds 
domain are planned to reveal additional information on the physics 
involved. Modifications and improvements may appear to be possible, 
so that the final goal, viz. data on decompositions kinetics in the 
high heating rate regime may be obtained. 
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ü 

delay time to 
explosion T 

Fig 3 A typical TST sample result, i.e. a (double beam) 
oscillogram showing (A) the zero reference of the 
voltage, (B), the voltage due to the constant current 
i at the temperature T,, (C) the voltage over the 
o i 

sample tube during and after the capacitor discharge 
and indicating the end of the T and (D) a microphone 
signal (with zero reference) of the trigger and the 
explosion noise (10 mV/div vs 0.2 ms/div) 
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ABSTRACT 

A study has been made of the thermal stability of the triple-base 
propellant M30. The apparatus employed applied the test specimen for 
a controlled time interval to a heated copper block with a force adequate 
^to maintain good thermal contact. A GO-NO GO test procedure was followed 
over the temperature range 200 to 260 °C. A lower contact time limit was 
observed below which ignition did not occur. A higher limit was also 
observed above which ignition always occurred.  Between these limits, 
which become narrower with increasing temperature, ignition was variably 
observed. Contact geometry and contact pressure were also studied. The 
latter was found to have a significant effect on time to ignition of a 
single grain with the time to ignition and the variability of observation 
increasing as contact pressure was decreased. The data are discussed with 
respect to the problem of propellant cookoff in heated cartridge cases. 

INTRODUCTION 

Ammunition storage compartments remote from the crew compartment 
are being designed for developmental armored vehicles. The objective 
is to lower the vulnerability of the vehicle by reducing the contribution 
from the ammunition. A problem exists with this approach in that a fire 
which results from a single cartridge being hit in an encounter may 
lead to thermal initiation or cookoff of the remaining ammunition. 

As part of the Ballistic Research Laboratory (BRL) task to improve 
the ammunition storage compartment in tanks, a problem arose in recon- 
ciling conflicting cookoff test results. A series of tests was conducted 
by Freyl, at BRL, in which rounds were wrapped with heating wire and heated 
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at various rates and the time to explosion and wall temperature at 
explosion were measured. The results were not in agreement with those 
from work done at Picatinny Arsenal (PTA) in which a grain of propellant 
was placed on its side on a hot surface at a known temperature and the 
time to ignition measured. The times to ignition were much longer for 
the latter tests. 

In order to resolve this discrepancy, a proposal was made to study 
the thermal initiation of M30 propellant by another technique. Previous 
work by Strittmater and Holmes^ employed a hot-plate method to study 
cookoff and relative thermal sensitivity of propellants. A large copper 
block was heated to a known temperature and the propellant samples were 
attached to one end of an electrically-triggered, spring-loaded arm. 
When the arm was triggered, the sample was rapidly placed in contact with 
the hot copper block and kept in good surface contact for a preset time. 
Then, when the spring-loaded arm was elc  ically released, the sample 
either continued to burn to completion or cxtinguisned. Results were 
reported as a visual observation of the GO - NO GO type with respect to 
sustained combustion after liftoff of the arm. The tests described in 
this report were conducted with an improved version of the Strittmater- 
Holmes apparatus. 

EXPERIMENTAL METHODS 

The original instrumentation used by Strittmater and Holmes was 
modified to the extent that more precise temperature and time control 
was possible. The temperature sensor was an iron/constantan thermo- 
couple inserted into the copper block just under the surface and 
monitored by a Model 1000 Honeywell Differential Voltmeter. The readout 
scale was adjusted so that the temperature could be read i  0.1 °C. A 
similar thermocouple was used as a control in conjunction with a Model 
200 FSM Power Proportioning Temperature Controller which was adjusted so 
that the temperature of the copper block would not vary more than . 0.5 °C. 

A Tektronix Type 162 Waveform Generator was used to control the time 
pulse that initiated the lifting of the sample arm from the hot block; 
the time could be varied from 0.1 ms to 10 s. The actual time was read 
on a Model 361-R TSI Universal Counter. A photograph of the instru- 
mentation is shown in Figure 1. 

The top of the copper block was covered with silver solder to ensure 
a surface less prone to oxidation. It was periodically necessary (after 
8-12 runs) to clean the surface of accumulated decomposition products. 
This prevented the forming of a carbonaceous residue which would act as 
an insulating layer between the sample and the copper block. The force 
exerted by the spring-arm is given in Figure 2 which shows the force as 
a function of the fraction of spring compression. The spring was 50- 
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to 75-percent compressed during a typical run (forces between S20 and 
980 grams). 

The propellant chosen for this study was M30, a triple-base formu- 
lation used in tank rounds and for other BRL tests of vented ammunition 
compartments. Propellant samples were prepared by cutting standard 
7-perforation grains to 6.35 mm (0.25 inch) in length and preparing 
the ends to ensure complete contact over the whole surface area. This con- 
sisted of making sure the end surfaces were as parallel and smooth as 
possible and that the perforations were cleaned of any particulate matter. 

The majority of test samples were 6.35 mm (0.25 inch) in diameter, 
although some tests were performed on 2.54-mm (0.1-inch) diameter samples. 
Propellant descriptions are given in Table I. The samples were attached 
to the spring-loaded arm with double-stick tape. The standard mode was 
with the grain vertical so that the flat end was applied to the hot 
copper block.  In some cases, the grain was attached horizontally so 
that the curved outer surface was applied. 

A primary question was the effect of the contact pressure between 
a hot surface and a propellant grain on the ignition limits of the 
propellant. A series of tests was run in which the sample was simply 
laid on the hot surface and the time to ignition measured with a stop 
watch. This technique was analogous to that used by PTA. Test 
configurations are listed in Table II. 

A baffle was placed around the hot plate so that the sample and 
heated surface would be relatively free from convective cooling by air 
currents. The studies were always carried out in a laboratory fume hood. 
There was no confinement of the gaseous products given off during 
combustion. 

RESULTS AND DISCUSSION 

The results for the 6.55-mm (0.25 inch) diameter grrun in a vertical 
position are listed in Tables A-I through A-VI, in Appendix A, as a 
simple GO-NO GO observation for each sample as a function of block 
temperature and contact time. Each sample is referenced to a set of notes, 
Table III, that gives a more detailed description of the reactions observed. 
Only those samples meeting Observation?. 2A or 2B (^sustained combustion) 
are listed as GO in the tables. 
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A. lit"feet of Temperature 

The results are given for 10-degree intervals from 210 - 260°C. 
In runs at 20Ü and 190°C, ignition did not occur.  A gradual softening 
and mushrooming resulted, eventually forming a "putty-like", amorphous 
mass. Wisps of smoke occasionally were seen, however, indicating that 
chemical decomposition was taking place.  At 200°C, this process took 
betv.ocn 600 and 700 seconds and at 190°C, it took 15 minutes or longer. 

From the data in Tables A-I through A-VI a high and low limit were 
sflscted. The high limit was that time above which one could always 
e\pect sustained combustion and the low limit was that time below 
which sustained combustion did not occur.  A summary of the higher and 
lower limits is given in Table IV.  The relationship between these 
limits is shown graphically in Figure 3 where the high and low limit 
times are plotted versus temperature.  This clearly shows the increasing 
time spread during which sustained combustion takes place as temperature 
is decreased. This is to be expected, for, as the temperature of the 
hot surface is decreased, the thermal energy imparted to the sample is 
lower.  Slower thermal decomposition and self-heating of the sample 
result. Therefore, corrective and radiative energy loss from the 
sample becomes more important. 

The data in Figure 3 appear to follow an exponential relationship 
with temperature. Such a relationship would be expected if the 
surface temperature of the sample is a major controlling factor in 
determining the time to ignition.  This is supported by Arrhenius 
plots where the log of the reciprocal of the limit time was plotted 
versus the reciprocal of the block surface temperature. These are shown 
in Figures 4 and 5 for the high and low limit data respectively. 
Reasonable first order fits result which give experimental activation 
energies of 37.8 kcal/mole for the low limit and 39.8 kcal/mole for the 
high limit.  It is likely that the same chemical reactions are controlling 
at both limits, and thus the difference in activation energies is a 
measure of the variability in the efficiency of energy transfer in this 
experiment. 

B. Lffect of Contact Area and deometry 

To evaluate the effect of contact area and geometry, samples were 
run at 240 and 250CC in Test Configuration 2.  These results are listed 
in Tables A-VII and A-V'III, respectively. Table V shows the variations 
in high-low limits for the two test configurations. The low limits are 
increased somewhat with side contact, but the high limits are variably 
affected. lor the b.35-ntm diameter grain used in the bulk of these 
studies, the effect of end versus side contact does not appear to have 
a significant impact on the thermal ignition limits. 
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C. Hffect of Grain Diameter 

The effect of grain diameter on the ignition limit was determined. 
The data are given in Tables A-IX and A-X where 2.5-mm diameter samples 
were tested at 250°C.  If a comparison is made between the two diameters 
in Configuration 1, the high and low limits are increased by 27 and 64 
percent respectively for the smaller diameter.  In Configuration 2, the 
difference between diameters is less than 1Ü percent with the low limit 
decreased and the high limit increased for the smaller diameter. 

In Configuration 1, the contact area for the 2.54-mm diameter 
grain is one sixth that of the t>.35-mm diameter grain, and the perimeter 
to contact area ratio is 2.5 times larger for the smaller grain.  This 
should result in significantly large convective heat losses from the 
smaller grain, making it more difficult to ignite.  This is reflected 
by the increase in the high and low limits and the increased spread 
between these limits for the smaller- diameter grains.  Due to the 
tangential contact of the samples with the heated surface in Configuration 
2, the difference in contact area and exposed perimeter between the two 
grains is small, and results in the smaller differences observed in high 
and low limits between the two grains. 

D. Effect of Contact Pressure 

The method used by investigators at PTA, placing the sample (under 
its own weight) on the hot surface and measuring the time to ignition, 
was followed at Ml), 240 and 250°C.  The results are in Table VII. 

The reactions oi'  the samples when laid directly on the hot plate 
were rather interesting. Those samples placed on the cut ends "danced 
around," emitted wisps of smoke, and bubbles formed at the edges until 
ignition occurred.  Samples placed on their sides rolled aimlessly all 
over the hot surface. The movement of these samples can best be explained 
by the "jet" action of the decomposition gases evolved.  Because of this 
"dancing" movement, the probability of close contact, necessary for 
effficient conductive heat transfer, was diminished considerably.  The 
large times to ignition for these experiments, compared to the data 
obtained with, the ignition test device, underline the importance of 
contact pressure in determining heat transfer and therefore ignition. 

CONCUIS10NS_ AN!> RL_COMN!f.\liA;iJttNS 

The contact pressure between a propel laut grain and a heated 
surface has a nrofcund effect on the tune to cookoff at a given 
temperature.  This can readily be seen by comparing the Tata in Table 
IV from the cookoff test apparatus with that from the "hot plate" method 
shown in Table V11.  This explains the aforementioned discrepancies    , 
between the experimental data of  I-'re/, et ai' and the IMA hot plate data". 
In the former tests, the grains in contact with the heated surface were 
under the weight ol' the propi/tlant charge, resulting in a contact pressure 
similar to those used in the cookoff test apparatus used herein. 



Table VIII gives some of the experimental data of Frey, et al . The 
measured case surface tempera ure at cookoff and the time elapsed 
from application of heat to cuokoff are listed.  The Arrhenius parameters 
were used to calculate cookoff times for the experimental case surface 
temperatures.  These are also listed in Table VIII.  The calculated 
times appear to be qualitatively similar to the data of Frey.  This 
is shown graphically in Figure 6 for the low limit data.  '.Vhile this 
required an extrapolation of the test data into a lower temperature 
regime where ignition was not achieved with the presjnt experimental 
apparatus, there does seem to be a useful correlation between the fit of 
the data from the test apparatus and actual cartridge case cookoff data. 
The agreement is particularly good if one considers that the cartridge 
case containing the propellant was subjected to a dynamic heating from 
ambient to the cookoff temperature, while the heated surface of the test 
apparatus was maintained at a constant temperature and the time to 
cookoff determined. The time to cookoff in the dynamic runs (with a 
smaller average temperature) should be larger than in those tests with a 
preheated, constant temperature surface. 

Figure fa also illustrates the importance of thermal contact in 
determining cookoff times. The triangles in this data represent the no 
force applied hot plate data provided '</ PTA-.  It can be seen by comparison 
with the cartridge case and calculated data that if no force is applied, 
considerably longer times are required to reach cookoff at a given 
temperature. 

While the results herein illustrate the effects of temperature, 
contact pressure, and contact geometry on cookoff of single propellant 
grains, there are several aspects of the problem which should be investigated 
further. These include the effect of propellant composition, the atmosphere 
and pressure surrounding the propellant, multiple grains, and dynamic 
heating effects.  Further investigations in these areas should make 
possible a useful laboratory technique for determining the susceptibility 
of propel 1 ants to cookoff. The final step would be the derivation of a 
predictive model for use in ammunition compartment and vehicle design. 
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Propellant 

M30 

M30 

Table I. Propellant Descriptions 

Lot Diameter 

PA-63557 

RAD-E31 

6.35 mm 
[0.25 inch) 

2.54 mm 
(0.10 inch) 

Web 

1.17 mm 
(0.046 inch) 

0.38 mm 
(0.015 inch) 

Configuration No. 

1 

2 

3 

4 

Table II. Test Configurations 

Force Applied 

Standard 

Standard 

None 

None 

Grain Position 

Vertical 

Horizontal 

Vertical 

Horizontal 

1A 

IB 

1C 

ID 

2A 

2B 

Table III. Explanation of Notes for Tables A-I - A-X 

No sustained combustion and no observable reactions during 
contact. 

No sustained combustion but visual evidence of reaction (smoke, 
evolution of gases) during contact. 

No sustained combustion but sample undergoes thermal 
degradation with dimensional changes during contact. 

Ignited while in contact but no sustained combustion after 
liftoff. 

Sustained combustion after loss of surface contact - relatively 
slow fizz burning. 

Sustained combustion after loss of surface contact - relatively 
fast with flame. 
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Table IV. Sunurary of Cookoff Data for M30 Propellant (Lot PA-63557) 

Temp Time (s) 
Configuration C°C) Lower Limit Higher Limit 

1 260 0.260 0.378 
1 250 0.574 0.621 
1 240 1.538 2.329 
1 230 3.422 4.111 
1 220 6.257 7.045 
1 210 9.400 18.256 

Table V. Comparison of High/Low Limits Between Test Configurations 

Test Temp Time (s) 
Configuration (°C) 

1 240 
2 240 

1 250 
2 250 

Tabie VI. Comparison of High/Low Limit Data at 250°C for Two Grain Diameters 

Lower Limit Higher Limit 

1.538 2.329 
1.956 2.015 

0.574 0.621 
0.585 0.670 

Test 
Configurat Lon Grain Diameter (mm) 

Time 
Lower Limit 

(s) 
Higher Limit 

1 
2 

6.35 
6.35 

0.574 
0.585 

0.621 
0.670 

1 
2 

2.54 
2.54 

0.728 
0.541 

1.0)8 
0.733 
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Tabl e VII. Summary of "No -Fore :e Applied" Data 

Temperature (°C) 
Test 

Configurat ion 
Average Time 

To Ignition (s) Notes 

210 
210 
240 
240 
250 
250 

3 
4 
3 
4 
3 
4 

63.5 
63.5 
41.5 
41.0 

1 
1 
2 
2 

Note 1. No ignition occurred up to 10 minutes; merely softening, 
wisps of smoke, and bubbling. 

Note 2. When held very lightly with forceps (just enough force to 
prevent sample movement) average time to ignition for Configuration 
3 was 21 seconds and for Configuration 4, 13 seconds. 

Calculated Times to Cookoff For M30 Propellant at 
Experimental Cookoft Temperatures (Times Calculated 

From Fit of High and Low Limit Data) 

Case Surface Experimental Time Calcu lated Time 
Temperatures to Cookoff to Cookoff (min.) 

(°C) (min.) High 

42.6 

Low 

159 48 22.0 
176 3.4 7.4 4.2 
181 1.5 4.5 2.6 
186 1.1 2.8 1.6 
194 1.5 1.6 1.0 
214 1.1 C.2 0.2 
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Fig 1 Photograph of instrumentation 
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Table A-I. M30 Test Data at 210°C and Test Configuration 1 for 
Lot PA-63557 

Time 
Test No. (s) GO NO GO Note 

1 5.276 X IB 
2 5.910 X IB 
3 6.656 X IB 
4 8.402 X IB 
5 8.667 X IB 
6 9.051 X IB 
7 9.400 X 1A 
8 9.409 X 2A 
9 9.421 X IB 

10 9.439 X 2A 
11 9.534 X 2A 
12 9.782 X 2A 
13 9.802 X 2A 
14 9.936 X 1A 
15 10.190 X IB 
16 10.224 X 2A 
17 10.600 X 2A 
18 10.986 X 2A 
19 11.880 X IB 
20 12.013 X 2A 
21 12.404 X IB 
22 12.678 X 2A 
23 12.926 X 2A 
24 13.132 X 2A 
25 13.356 X 2A 
26 14.001 X 1C 
27 14.458 X 2A 
28 14.733 X 2B 
29 15.552 X 1C 
30 16.090 X 2B 
31 16.496 X 1C 
32 17.168 X 2A 
33 17.303 X 2A 
34 17.550 X 2A 
35 17.561 X 1C 
36 18.256 X 2A 
37 19.602 X 2A 
38 19.775 X 2A 
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Table A-II. M30 Test Data at 220°C and Test Configuration 1 for 
Lot PA-63557 

NO GO       Note 
Time 

Test No. («) GO 

1 6.111 
2 6.181 
3 6.235 
4 6.257 
5 6.387 X 
6 6.388 X 
7 6.502 
8 6.640 
9 6.733 
10 6.340 X 
11 6.998 X 
12 7.045 
13 7.045 X 
14 7.497 X 
15 7.789 X 

X 1A 
X 1A 
X 1A 
X 1A 

2A 
2A 

X 1A 
X IB 
X 1A 

2A 
2A 

X 1A 
2B 
2A 
2A 
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Table A-III. M30 Test 

Time 
Test No. (s) 

1 3.048 
2 3.194 
3 3.422 
4 3.466 
5 3.522 
6 3.562 
7 3.727 
8 3.813 
9 3.874 
10 3.884 
11 3.926 
12 4.111 
13 4.150 
14 4.194 
15 5.283 

M30 Test Data at 230°C and Test Configuration 1 for 
Lot PA-63557 

GO NO GO 

X 
X 
X 

X 
X 
X 
X 

Note 

X 1A 
X 1A 
X 1A 

2A 
X IB 
X 1A 
X IB 

2A 
2A 
2A 

X 1A 
2A 
2A 
2A 
2A 
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Table A-IV. M30 Tes-; Data at 240°l 
Lot PA-6: 

Time 
Test No. (s) GO 

1 1.237 
i. 1.338 
3 1.457 
4 1.503 
5 1.505 
6 1.530 
7 1.538 
8 1.546 X 
9 1.571 X 
10 1.575 
11 1.577 
12 1.649 
13 1.664 X 
14 1.691 X 
15 1.697 
16 1.700 
17 1.762 X 
18 1.895 
19 1.915 
20 1.933 X 
21 1.940 
22 1.975 X 
23 1.984 
24 2.085 X 
25 2.129 X 
26 2.134 X 
27 2.136 
28 2.329 X 
29 2.453 X 
30 2.621 X 

NO GO Note 

X 1A 
X 1A 
X 1A 
X 1A 
X 1A 
X 1A 
X 1A 

2A 
2A 

X 1A 
X IB 
X 1A 

2A 
2A 

X 1A 
X IB 

2A 
X 1A 
X 1A 

2A 
X 1A 

2A 
X 1A 

2A 
2A 
2A 

X 1A 
2A 
2A 
2A 
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Table A-V. M30 Test Dai ta at 250°( 
Lot PA-6: 

Time 
Test No. <») GO 

1 0.550 
2 0.561 
3 0.569 f 
4 0.572 
5 0.574 
6 0.586 X 
7 0.593 X 
8 0.600 
9 0.600 X 
10 0.606 
ll 0.617 X 
12 0.620 
13 0.621 X 
14 0.621 X 
15 0.642 X 

NO GO Note 

X 1A 
X 1A 
X 1A 
X 1A 
X 1A 

2B 
2B 

X 1A 
2B 

X IB 
2A 

X IB 
2A 
2A 
2B 
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Table A-VI. 1 430 Test Data at 260° 
Lot PA-6 

Time 
Test No. (s) GO 

1 0.197 
2 0.252 
3 0.260 
4 0.262 X 
5 0.265 
6 0.290 
7 0.297 
8 0.300 
9 0.314 
10 0.322 
11 0.328 
i: 0.330 
13 0.332 X 
14 0.345 X 
15 0.34S 
16 0.346 
17 0.350 
18 0.351 
19 0.359 X 
20 0.361 
21 0.362 X 
22 0.371 
23 0.373 
24 0.375 X 
25 0.376 X 
26 0.377 X 
27 0.377 X 
28 0.378 
29 0.378 X 
30 0.447 X 

NO GO Note 

X 1A 
X 1A 
X 1A 

2A 
X 1A 
X 1A 
X 1A 
X 1A 
X 1A 
X IB 
X 1A 
X ID 

2B 
2A 

X 1A 
X 1A 
X 1A 
X 1A 

2A 
X 1A 

2A 
X 1A 
X 1A 

2A 
2A 
2A 
2A 

X 1A 
2A 
2A 

292 

■■■««■■■•■■aMw 



Table A-VII. M30 Test 

Time 
Test No. (s) 

1 1.892 

2 1.911 
3 1.922 
4 1.955 
5 1.956 
6 1.957 
7 1.963 
8 1.987 
9 1.998 
10 2.015 
11 2.0S2 
12 2.072 
13 2.080 
14 2.136 
15 2.616 

L 

M30 Test Data at 240°C and Test Configuration 2 for 
Lot PA-63557 

GG NO GO       Note 

X 
X 
X 

X 
X 
X 
X 
X 
X 

X 1A 
X 1A 
X 1A 
X 1A 
X 1A 

2A 
2A 
2A 

X 1A 
2A 
2A 
2A 
2A 
2A 
2A 
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Table A-VIII. M30 Test Data at 2S0°C and Test Configuration 2 for 
Lot PA-63557 

Test No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Time 

(s) GO 

0.487 
0.568 
0.S68 
0.582 
0.585 
0.586 X 
0.586 X 
0.604 
0.620 
0.621 
0.630 
0.642 X 
0.645 
0.651 
0.664 
0.670 X 
0.671 X 
0.703 X 
0.704 X 
0.739 X 
0.797 X 

N0 GO       Note 

X 1A 
X 1A 
X 1A 
X 1A 
X 1A 

2A 
2A 

X 1A 
X 1A 
X 1A 
X 1A 

2A 
X 1A 
X 1A 
X 1A 

2A 
2A 
2A 
2A 
2A 
2A 
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Table A-IX. M30 Test Data at 250°C and Test Configuration 1 for 
ln+    OAn nil 

Time 
Test No. (s) GC 

1 0.569 
2 0.611 
3 0.639 
4 0.728 
5 0.889 X 
6 0.914 
7 0.915 
8 0.928 
9 0.998 

10 1.018 X 
11 1.094 X 
12 1.171 X 
13 1.183 X 
14 1.278 X 
IS 1.299 X 

Lot RAD-E31 

NO GO        Note 

X 1A 
X ID 
X ID 
X ID 

2A 
X ID 
X ID 
X ID 
X ID 

2A 
2A 
2A 
2A 
2A 
2A 
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Table A-X. M30 Test Data at 250°C and Test Configuration 2 for 
Lot RAD-E31 

Time 

Test No. (s) GO NO GO Note 

1 0.526 X 1A 
2 0.541 X 1A 
3 0.572 X 2A 
4 0.575 X 1A 
5 0.577 X 2A 
6 0.578 X 1A 
7 0.590 X 1A 
8 0.605 X 1A 
9 0.622 X 1A 
10 0.624 X 2A 
11 0.643 X 2A 
12 0.645 X 1A 
13 0.664 X 1A 
14 0.733 X 2A 
15 0.740 X 2A 
16 0.749 X 2A 
17 0.824 X 2A 
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ABSTRACT 

The collection and evaluation of test methods and test data have 
been studied from the standpoint, of both the decomposition 
sensitivity and energy release. The minimum amount of thermal excitation 
necessary to initiate a decomposition reaction identifies the 
sensitivity of a material. From a fundamental standpoint, this 
excitation is associated with the rates and mechanisms of the initial 
reaction process. On the other hand, the energy release of a decomposition 
reaction is related to the thermodynamic aspects of the reaction and 
is a function of the initial and final states of the process. 

The purpose of this paper is to review some of the available tpst 
methods which furnish information about the thermal instability of 
hazardous materials and indicate which measurement parameters are relatable 
to fundamental concepts on thermal explosions. 

The definition and identification of thermal instability become more 
difficult as soon as the constraint of quantitativeness is imposed. A 
solution to the problem of this quantitative definition and identification 
should be possible with the development of a correlation scheme which 
includes the appropriate thermal, kinetic, and transport parameters. 
Ideally, such a correlation should be able to rank all substances between 
nitroglycerine and sand according to their thermal instability. The 
correlation should have a good theoretical foundation and not be solely 
empirical. The proper combination of parameters necessary to provide a 
ranking for a thermal instability scale should be found within the 
theory of thermal explosion. 

From a study of experimental investigations of hazardous materials 
and the concepts of thermal explosion theory, a calorimetric experiment 
offers a promising route to obtain data from which an unambiguous 
reactivity scheme could be developed.  Parameters which are embodied in 
this theory are derivable from calorimetric measurements. These 
parameters include: heat evolved from the self-heating process, 
activation energy required to initiate self-heating, pie-exponential 
factor, heat transfer coefficient, the temperature above which a 
runaway reaction cannot be controlled by heat leakage to the surroundings, 
and the induction time prior to explosion or rapid runaway. 
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INTRODUCTION 

The need to find a clear definition and a more quantitative 
identification of the property known as thermal instability (self- 
reactivity) of chemical substances wat- the goal of the efforts put 
forward in the Physical Chemistry Division of the National Bureau of 
Standards (NBS) over the past few years [1, 2, 3].  This need is 
acknowledged by groups within various sectors involved in the production, 
handling, and transport of hazardous materials.  The Office of Hazardous 
Materials Operations of the U. S. Department of Transportation (DOT) 
has supported this investigation as part of its own program to review 
the hazard classification system, to re-examine regulations for hazardous 
cargoes, and to implement an emergency response system. 

An evaluation of the literature which reported explosive sensitivity 
test methods and test data comprised part of our efforts for DOT.  Previous 
attempts [1] to determine whether a correlation could be made between test 
data and various thermochemical and kinetic parameters which would allow 
the establishment of a ranking of substances on the basis of their chemical 
reactivity provided only qualitative relationships. 

Although a large array of test methods and test data were found 
as a result of performing the literature survey, we were not able to 
establish a reliable reactivity ranking which could be applied to chemical 
substances as a whole.  Some of the test methods and test data are 
empirical Ln nature, however, others could be linked to fundamental 
concepts involving thermal explosion theory. The bioad spectrum of data 
required to cover the range of reactivity from nitroglycerine to sand 
were either unavailable or were present in a form which could not be merged 
easily with other related information. 

It appears that a calorimetric approach has the promise of providing 
part of the necessary inforn.ation and support for concepts from which a 
reactivity scheme could be developed. A firmer foundation for a definition 
of thermal instability ar.d for a method to rank chemical reactivity could 
be obtained from the theory of thermal explosion.  The calorimetric 
approach offers the advartage of permitting simultaneous determination of 
thermochemical, kinetic, and heat transfer parameters from experimental 
measurements performed on a specific thermal decomposition process.  The 
need to calculate these parameters from the same reacting system, thus 
providing a common base for comparison, appears to be an important feature. 
The fact that the calorimetric approach should provide the parameters 
embodied in the theory of thermal explosion suggests that a ranking for 
chemical reactivity could be developed from such investigations. 
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TEST METHODS 

The sensitivity of a material can be related to the minimum amount 
of thermal excitation necessary to initiate the process.  In more 
fundamental terms, this concept can be associated with the rates and 
mechanisms of ehe initial reaction process.  In the case of bond-breakr'.ng 
processes, the bond dissociation energy and the activation energy are 
equivalent, and are useful estimates of material sensitivity for 
decomposition.  On the other hand, the total energy release of a 
decomposition reaction is related fundamentally to the thermodynamic 
aspects of the reaction, and is a function of the reaction's initial and 
final states. 

A var .ety of thermal stability tests are listed below.  An attempt 
has been made to provide some identification of the physical property 
which is being measured or the parameter being sought by means of the 
measurement.  A brief description of the conditions under which the 
sample is subjected in the test method is also furnished. 

a. JANAF Thermal Stability Test No. Six for Liquid Propellants[A] 

Maximum temperatures are determined to which thermally unstable 
liquids can be subjected for short periods of time without danger of 
explosive '.lecomposition. Under confinement in a microbomb a liquid sample 
is either heated rapidly and held at a pre-determined temperature for an 
arbitrary time interval, or heated at a constant rate until evidence of 
rapid decomposition appears. 

Rates of decomposition can be estimated from plots of the sample 
temperature vs. time, and from plots of the temperature difference between 
the sample and bath vs. time. 

From a plot of the logarithm of the selt-heating rate of the sample 
vs the reciprocal of the temperature, a linear slope proportional to the 

activation energy is obtained. 

b. ASTM Standard "ithod of Test E-476-73 f5l 

Thermal Instability of Confined Condensed Phase Systems (Confinement Test) 

The temperature at which a chemical mixture will begin a reaction is 
measured.  Appreciable heat or pressure can be liberated when subject to 
a programmed temperature rise. This method applies to solids or liquids 
in a closed system in air or some other atmosphere present initially under 
normal laboratory conditions. The sample to be tested is confined in a closed 
vessel equipped with a burst diaphram, pressure transducer, and thermocouple. 
The apparatus is equilibrated in a bath at room temperature and subsequently 
heated at a constant rate. The temperature difference between the bath 
and sample, the pressure in the closed vessel, and the bath temperature 
are recorded continuously during the course of the test.  Examination of the 
rate of temperature rise of the sample and rate of temperature rise of the bath, 
allows an evaluation of kinetic parameters. 
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c. Self-Heating Adiabatic Test rg 7 3] 

The thermal decomposition of poorly conducting materials (i.e. 
wood) is monitored under conditions such that heat exchange between the 
sample and its surroundings is kept to a minimum (i.e., adiabatic conditions), 
A furnace is designed with such controls so as to keep the furnace 
temperature as close to the temperature at the center of the sample as 
possible. After a sample had been brought into thermal equilibrium at a 
given temperature, the furnace temperature control system is changed 
automatically to allow the sample to self-heat up to a temperature of 500 C 
with minimal heat exchange to the surroundings inside the furnace. 

The time to thermal runaway as a function of temperature is measured. 
The runaway times so measured will correspond to the predicted behavior 
of actual materials in the limit of perfect insulation or of very large size. 

d. Vacuum Thermal Stability Test  [9] 

The explosive character or tendency toward decomposition of 
r.aterials at elevated temperatures (200° to 350°C) are determined in 
vacuum in a storage environment. 

This test measures the amount of gas evolved by a sample at a 
fixed temperature using a mannometric method. 

e. Thermal Surge Test  [10] 

The thermal surp- test supplies data on explosion temperatures 

which represent conditions of minimal heat transfer.  The discharge of a 
capacitor across a thin-walied tube provides the thermal stimulus to 
initiate explosive decomposition.  The time-temperature profile of the 
decomposition is obtained from oscillographic records.  Although the tubes 
are thin-walled, they have considerable strength and provide a state of 
heavy confinement for the explosive or unstable material. 

The test is particularly suited to liquid material but solids can 
also be accommodated by melting prior to their insertion into hypodermic 
needle tubing.  Materials are subject to temperatures in the range of 260 
to 1100 C and delay times of 50msec to 50usec. 
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f. Explosion Temperature Test [11] 

The temperature at which a material explodes, ignites, or decomposes 
is determined after a five second immersion in a Wood's metal bath. 

This test gives an estimate of how close the explosion temperature 
is to ambient condition for a material, and, hence, provides a measurable 
indication of thermal instability.  Explosion temperature data as a 
function of time serve as useful indicators to assist in maintaining safe 
thermal condition during handling and transport. 

g. Adia'oatic Storage Test [12] 

The time interval or induction period is determined during which 
the gradual increase of temperature due to self-heating will result in 
explosion of the material under test. 

A temperature-time profile is obtained for a substance from a pre- 
selected starting temperature until rapid exothermic decomposition results. 
An indication is provided of what constitutes an unfavorable storage 
environment under adiabatic conditions. 

h.   Isothermal Storage Test  [12] 

The heat generation rate as a function of time is measured and an 
estimate of the induction period at a given temperature for a material is 

obtained. A sample begins to self-decompose and to generate heat inside an 
aluminum block held at a constant temperature.  The heat flow from the 
sample to the block takes place via a Peltier element which produces an 
electric signal.  The rate of heat generation as a function of time is 
observed.  Test can be made with a large variation in sample size (up to 
50 grams).  The critical radius of the sample can be calculated from thj 
results.  This test also allows one to examine the degree of self 
decomposition as a function of time at a constant temperature. 

i.  Exothermic Decomposition Meter Test [12] 

The self-heating of a sample is determined at small to moderate 
heat generation rates as a function of temperature or time.  A cylindrical 
aluminum bioc.c contains a cavity which has a Peltier element attached at 
the bottom and a sample is placed on the Peltier element.  Heat flow from 
the block to sample is measured by means of the Peltier element which 
provides an electrical signal to a recording device.  From a plot of the 
heat generation of the sample vs. the reciprocal of the absolute temperature, 
kinetic parameters can be calculated. 
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j.  Self-Heating Test for Organic Peroxides [13-17] 

The minimum ambient temperatures for the self-heating to explosion 
of thermally unstable compounds is investigated in charges of specified 
shape but varying size. The thermal decomposition of organic peroxides 
is observed from studying temperature-time plots to obtain the critical 
temperatures for explosion, heat transfer coefficient data, and apparent 
activation energies. 

k.  Differential Thermal Analysis (DTA) Test  [18-27] 

Exothermic and endothermic reactions are measured as heat is applied 
at a particular input rate.  The material under test and a stable reference 
IT. >tf rial are heated simultaneously at the same rate.  Exothermic and 
e..uüthermic traces are measured using a recorder providing a temperature- 
time plot of the reaction process.  From the exotherms and endotherms of 
the DTA curve, decomposition temperatures corresponding to various rates 
of temperature rise can be obtained.  Kinetic parameters can be calculated 
as a result of properly varying the heating rates and assuming a constant 
degree of conversion of reactant. When the temperature sensors are placed 
in the path of the heat flow the D7A apparatus can measure the enthalpies 
of processes such as heats of decomposition or transition. 

1.  Shock Tube Test   [28] 

The expected linear relationship between the ignition delay time 
required to detonate fine dusts or sprays of explosives and the reflected 
shock temperature is investigated.  Liquid or finely divided solid samples 
are instantaneously subjected to very hot gaseous environments of known 
composition.  The sample is dispersed by the hot flow behind the incident 
shock and the particles thus formed are ignited with a measurable time 
delay by the twice-shocked gases behind the reflected Shockwave. 

Only a few tests are required to characterize a given sample which 
needs to be available in only milligram quantities.  Environment de- 
sensitization may be studied using this technique by studying test responses 
with a variety u' channel gases.  The shock tube data are shown to correlate 
well with impact test data. 

The sensitivity tests discussed so far deal with the ease of 
initiation, hence fundamentally with chemical kinetics.  A.iother aspect 
of the hazards problem is the magnitude of energy release. While the 
sensitivity tests present a more crucial aspect of the problem, because 
the objective is to avoid the release of any energy accidentally, the 
energy release problem should also be considered briefly because a large 
energy represents a relatively high hazard.  The problems of energy release 
and sensitivity are coupled in the sense that materials having high 
exothermicity (relative to their heat capacity) can self-heat to high 
temperatures and thereby represent an enormous hazard, once initiated. 

304 

  



There are a great many explosives tests designed to evaluate the 
energy release (sometimes also the rate of energy release) under 
detonative conditions.  These tests almost invariably give a measure of 
energy release by the effect on the surroundings:  size of crater or dent 
in a plate generated by detonation, displacement of a target, or generation 
of a blast wave in air.  Some of the more important energy release tests 
are described in references [29-36]. 

THERMAL EXPLOSION THEORY 

In 1928, Semenov [37, 38] presented the first quantitative treatment 
of the ttieory of thermal explosion.  In this treatment, the heat 
generated by a self-reacting material competes with the heat lost from 
the exothermic process due to transfer to the surroundings.  As the temp- 
erature of the surroundings increases in a linear fashion, the rate of 
heat production from self-reaction increases, exponentially, until a 
temperature is reached above which equilibration is not possible and 
decomposition takes place rapidly with ignition or explosion. 

The theoretical treatment 
of the critical conditions in e 
will take place. Assumptions b 
self-reacting material maintain 
and (2) the Arrhenius rate law 
is not limited to any one mode, 
generated in Semenov's model is 
approximations. Necessary data 
heat transfer parameters are al 
be obtained.  In the absence of 

of Semenov provides for the calculation 
xcess of which ignition or explosion 
asic to this treatment state that (1) the 
s a uniform temperature during decomposition, 
is obeyed.  Heat transfer to the surroundings 
The exact solution of the equations 

not possible without making some 
for certain thermodynamic, kinetic, or 

so required before an actual solution can 
data, estimates are usually made. 

In 1939, Frank-Kamenetskii [39, 40] developed the Semenov model to 
accommodate a distribution of temperatures within the self-reacting 
material and limited the heat loss process to conduction only.  In many 
instinces, the Frank-Kamenetskii model is a closer approximation to the 
actual situation. 

Various refinements have been introduced into the mathematical 
treatment of the theory of thermal explosion.  Articles by Chambre [41], 
Todes [42, 43], Rice, et al. [44, 45], Zinn and Mader [47] and Enig [48] 
should be consulted. Thomas [46] compared the Semenov and Frank-Kamenetskii 
models and showed that both are special cases of a more general model. 
Useful reviews have been provided by Merzhanov and Dubovitskii [49], 
and Gray and Lee [b0]. 

305 

■aal 



In order to facilitate a clearer understanding between the theory 
of thermal explosion and hazards caused by thermally unstable 
materials, we shall describe some features of a thermal explosion 
process.  Let us imagine a test tube (constructed of a high thermal 
conductivity metal), containing an hazardous material, which has been 
immersed in an oil bath initially at some low temperature, TQ. A 
thermocouple imbedded in the material allows a temperature-time record 
to be taken. (This situation is analogous to one for the Explosion 
Temperature Test described earlier).  In the first test, the temperature 
of the material will be observed to rise to the bath temperature, then 
slightly surpass the bath temperature, and proceed to level off back down 
to the bath temperature. During this time, the material undergoes 
decomposition, and if the reaction products are gaseous, has disappear 
completely. As the bath temperature is increased in successive steps, 
a critical temperature will be attained, which will be the maximum 
temperature for maintaining a steady-state process. At temperatures above 
the critical temperature, a steady-state cannct be maintained, and ignition, 
rapid decomposition, or explosion results. 

The phenomenon of the induction periods begins to emerge at this 
point. This period is the time interval between immersion of the 
material in the bath and explosion. 

We shall now examine the rate processes taking place during heat 
generation and heat loss. The self-reacting material produces heat at 
the rate dq^/dt, or q\,  given by: 

qi = QVpAexp(-E/RT) 

where Q is the heat of decomposition. V and p are the volume and density 
of the material, respectively, A is the pre-exponential factor, E is the 
activation energy, R is the gas constant, and T is the temperature of the 
material. 

The material loses heat to the surrounds at a rate according to Newton's 
law of cooling: 

q2 = dq2/dt = hS(T-T0) where 

h is a heat transfer coefficient, S is the surface area of the material, 
and (T-T0) represents the temperature difference between the material, 
T, and its surroundings, T . 
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At the critical temperature, a steady-state is reached when the rate 
of heat generation and heat loss are equal. 

QVpAexp(-E/RT) = hS(T-T0) 

The heat generation rate of the self-reacting material, plotted as 
a function of temperature, is shown in Figure 1, The heat loss rate 
corresponds to three straight lines marked as the bath temperatures at 
200, 208, and 210 °C. There are three different relationships which are 
possible between the exponential curve representing the heat production 
rate, dq^/dt or q^ and the straight lines depicting the heat loss rate, 
dq^/dt or q2.  The net rate at which heat is generated in the self-reacting 
material is the sum of q^ and q2, and the rate of temperature rise will 
be expressed by this sum divided by the heat capacity, C. 

dT/dt = (qx + q2)/C. 

The first relationship in Figure 1 shows the curve cutting the 
straight line at two points. Here, the heat generation rate of the 
material for a bath temperature of 200CC is greater than the heat loss 
rate up to point A, where both are equal.  This corresponds to a material 
temperature of about 202°C. Beyond point A, the heat loss rate exceeds 
that of heat generation and rapid decomposition or explosion does not 
take place. 

In the second situation, the bath temperature is 208°C, which is 
the critical temperature, Tcr, for the material. The curve is tangent 
to the straight line at point B. The material temperature reaches about 
221°C at point B afterwhich sufficient heat loss to the surrounds takes 
place and no explosion results. 

The bath temperature is at 210°C in the third situation. The curve 
representing heat production via self-reaction of the material and the 
line representing heat loss do not meet. This temperature, 210°C, is above 
the critical temperature, Tcr, hence, ignition or explosion takes place. 

A temperature-time plot for the self-reacting material is shown in 
Figure 2 for various bath temperatures. Variation in the induction 
period can be seer as the bath temperature rises above Tcr. The induction 
time prior to explosion is very short as the bath temperature, T0, exceeds 
the critical temperature, Tcr. The amount of material reacted during the 
induction period is small. About 4 percent of the material decomposes 
before explosion when T0 is 210°C and about 2 percent when T0 is 220°C. 
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If C = nie where m is the mass of material, and c is its specific 
heat, and if m = pV, then the rate of temperature rise is given by: 

CdT/dt = QVpAexp(-E/RT) + hS(T-T0). 

No exact analytical solution is available for the above equation under any 
boundary conditions because of the nonlinearity of the term describing 
chemical reaction.  Consequently, various approximations are introduced into 
the model of a thermal explosion to obtain solvable expressions for the 
critical temperature, critical size of the self-heating material, and the 
time to thermal runaway.  The expressions are as follows: 

Critical Temperature under Steady-State Conditions dT/dt: 

T (E/R)  
cr    Hn(QEa2pA)/(XRTcr5cr) 

where a is the half-thickness of a slab, or the radius of a sphere or 
cylinder, and 5 is the critical shape factor (0.88 for infinite slabs, 
2.00 lor infinite cylinders, 3.32 for spheres). 

Critical Size under Steady-State-Conditions dT/dt: 

a^ = XR(6cr)T0 exp (E/2RT,-,) 

pQEA 

Time to Explosion for Adiabatic Heating T«T : 

t(explosion) =    CRT0 exp (E/PT0) 

QEA 

CALORIMETRIC STUDIES ON HAZARDOUS MATERIALS 

During the course of examining the literature for thermal test methods, 
a large number of articles were encountered which used calorimetric measurement: 
to characterize the self-reactivity of various materials.  Some articles 
were studies designed to examine or expand various concepts in thermal 
explosion theory while others reported only thermochemical or kinetic 
data on a particular decomposition reaction. Many investigators used 
differential thermal analysis (DTA), thermogravimetric analysis (TGA), and 
differential scanning calorimetry (DSC).  Some researchers have employed 
the more standard calorimetric or kinetic methods.  These articles 
supplement those mentioned earlier under TEST METHODS. 
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Rogers [25-27] has shown that the activation energy and pre-exponential 
factor can be determined for the decomposition process of many explosives 
using DSC methods.  Critical temperatures can be determined on a routine 
basis using the method described.  Agreement between experimental and 
calculated values is good for most explosives. 

Aleksandrov, Bufetov, Pastukhova, and Tukhtaev [51] reviewed the 
application of pulsed calorimetry to the determination of thermochemical 
and kinetics parameters of various explosives.  References to studies on 
the decomposition of nitrocellulose, nitroglycerine powder, ammonium 
perchlorate, dinitroxydiethylnitramine (DINA) and polymethylmethacrylate 
were provided. 

The thermal stability of tetramethylphosphonium perchlorate, nitrate, 
and picrate was determined using DTA and TGA techniques by Nambiar and Jain 
[52]. The thermal stability of these compounds was found to be in the 
order: perchlorate > nitrate >picrate. The explosive sensitivity of the 
compounds was determined from explosive delay measurements and indicates the 
same order as the thermal stability. 

Merzhanov, Abramov, and Abramova [53] reported a method, based on the 
heat balance equation, for calculating kinetic constants from a differential 
thermogram in which non-isothermal kinetic data are reduced to isothermal 
conditions. The method is demonstrated using the decomposition of tetryl 
and the polymerization of styrene. 

An experimental investigation of the effect of gas removal on the 
critical conditions for thermal explosion was performed by Samoilenko, 
Abramov, and Merzhanov [54]. Experiments were performed on compressed 
pyroxylin samples. Gas removal conditions were varied by changing the 
pressure of nitrogen in the system. The authors found that as the pressure 
of the gas over the sample was raised, the critical temperature for thermal 
explosion fell sharply. 

V. V. Aleksandrov and N. S. Bufetov, [55] carried out a calorimetric 
determination of the thermal decomposition of a nitroglycerine propellant 
in vacuum over the temperature range from 70 to 280°C. 

Heat capacities and phase transitions were determined for 
cyclotetramethylenetetranitramine (HMX) by Rylance and Stubley [56] using 
DSC methods. 

The kinetics of thermal decomposition of diethylnitramine dinitrate 
(DINA) and related heat transfer studies, were conducted by various 
investigators [57-62] under a variety of experimental conditions. 
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From an examination of thermal explosion theory and experimental 
studies of hazardous materials by various methods, we felt that a 
calorimetric approach offered some reasonable promise of providing 
the necessary information and support for concepts from which an 
unambiguous reactivity scheme could be developed. A test procedure 
for ranking materials consistent with such a reactivity scheme should 
be derivable which has a strong relationship to the theory of thermal 
explosion.  Properties of materials which are embodied in this theory, 
are obtainable from calorimetric experiments. Moreover, the calorimetric 
approach has the advantage of permitting the simultaneous derivation of 
such properties from the experimental measurements performed on a specific 
decomposition process.  The need to calculate thermochemical parameters 
(such as the energy of decomposition) and kiretic parameters (such as the 
activation energy of decomposition) from the same reacting system, thus 
providing the common base for comparison, cannot be overemphasized.  This 
common base has been lacking for most materials.  The promise of the 
calorimetric method to supply the needed ranking for chemical reactivity 

is based upon its provision of parameters called for by the theory of 
thermal explosion.  One can anticipate further that if self-reacting 
systems (decomposition and polymerization) are adequately described by 
this approach, extension to combustion processes should also be possible. 

CONCLUSIONS AND RECOMMENDATIONS 

Thermal tests which provide information about the critical conditions 
for thermal explosion are valuable because they give quantitative data 
identifying the limit of thermal stability for a specified material. 
Examples of sucli thermal tests are:  the JANAF Thermal Stability Test, 
the ASTM E-476-73 Confinement Test, the Thermal Surge Test, and the 
Explosion Temperature Test.  The adiabatic and isothermal storage tests 
are useful in estimating the induction time prior to explosion for a 
material. 

From an examination of reports of experimental investigations of 
hazardous materials and the elements of thermal explosion theory, a 
calorimetric experiment appeared to offer a more likely and reasonable 
recourse to obtain data from which an unamgiguous reactivity scheme could 
be developed. We feel a jest procedure for ranking materials consistent 
with such a reactivity scheme should be derivable having a firm relationship 
to thermal explosion theory.  Properties of materials which are embodied 
in this theory (such as the enthalpy of decomposition, activation energy, 
pre-exponentia'i factor, heat transfer coefficient, the temperature above 
which violent decomposition will take place, and the time to thermal runaway) 
are derivable from scanning calorimetric measurements. The calorimetric 
approach has the advantage of permitting the simultaneous derivation the 
above-mentioned properties from the experiments performed on a specific 
decomposition process. 
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The properties of materials which are considered to be of prime 
importance are the critical temperature, critical size, and time to 
thermal >. unaway. The latter is perhaps most important of all because 
from a knowledge of the time to explosion, an opportunity may be 
available to take some sort of corrective action which can preserve 
both property and life. 
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ABSTRACT 

The Department of Defense Explosives Safety Board has not promul- 
gated detailed standards for protection from thermal effects of explo- 
sives.  In addition, DoD Explosives Safety Standards do not indicate 
the level of thermal radiation which can be accepted for inhabited 
buildings and other resources.  The practical thermal effects guidelines 
and a future development plan for the thermal effects standards will be 
presented which were designed to quantitate and differentiate the in- 
tensity of thermal effects inherent in explosives and ammunition placed 
in DoD hazard class 1, divisions 3 and 4.  The thermal effects standards 
are to be comprehensive in coverage of all phases in the manufacture to 
end use or disposal sequence and suitably supplement blast and fragment 
hazard criteria which now exist.  The need for these new standards is 
indicated by the wide disparity in heat output from various ammunition 
items in the stockpile or R&D phases which are currently covered by a 
single quantity-distance table which may not provide an adequate degree 
of safety for all situations. 
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SUMMARY 

New thermal effects safety standards are needed which quantita- 
tively define the rate of Iicat generation by fire and radiant emission 
from convection columns.  The safety standards must also provide the 
means for interpretation of test results and in distinguishing between 
ammunition items.  The new standards are needed since the Department of 
Defense Explosives Safety Board (DDESB) has approved standards for pro- 
tection against blast and fragment effects, but has not similarly 
established standards for protection against the thermal flux and fire- 
brands produced by burning ammunition. 

BACKGROUND INFORMATION 

In past years, experimental work has been largely devoted to ob- 
servation of the effects of heat flux on various targets.  In present 
DoD Explosives Safety Standards, the acceptable level of thermal radi- 
ation to inhabited buildings and other targets is not specified.  Thermal 
effects documentation on burning ammunition which would permit irradiance 
hazard prediction is generally unavailable.  In addition, the present 
standards do not provide an adequate means for distinguishing between 
ammunition of DoD hazard class 1, divisions 3 and A, both of which are 
basically fire hazards of different intensities. With these requirements 
in mind, the Chairman, DDESB established a working group! representing 
the military departments to formulate recommended thermal effects stand- 
ards for submittal to the DDESB for its formal approval and publication. 
The new Thermal Effects Safety Standards and the information which will 
be derived from conducting proposed tests are also needed for future 
revision of DoD standard explosives hazard classification procedures. 

The criteria used by the DoD Thermal Effects Standards Working Group 
in the conceptional development of the new thermal standards and in their 
proposed test plan to provide needed thermal data will be provided in 
this paper. A test plan is being recommended to DDESB for contractual 
accomplishment in FY 77 and 78. 

DISTINGUISHING THERMAL AMMUNITION DIVISIONS 

Ammunition in DoD class 1, division 3 will be distinguished from 
ammunition of class 1, division 4 by the inherent property of presenting 
major effects by projection of firebrands (fragments) in addition to 
severe radiation hazards.  The firebrands of class 1, division 3 mate- 
rials may reach distances exceeding the radiation hazard of the burning 
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source material.  By definition a firebrand is a projected burning or 
hot fragment whose heat capacity is transferred to a receptor. The 
magnitude of thermal energy transferred determines the class of the 
firebrand; e.g., Underwriters Laboratories firebrand classes A, B, 
and C approximate 8900, 2.200, and 40 kilogram calories of energy 
equivalent to these values for fuel.  In contrast, thermal radiation 
hazards for ammunition of DoD hazard class 1, division 4 are restricted 
to those thermal hazards from the burning source. 

DATA REQUIREMENTS 

Three major categories of data currently unavailable for selected 
"worst-case" ammunition are needed to develop the new standards: 

Radiation Fields 

The data to be derived will be used to establish the intensity, 
duration, and spatial characteristics as functions of material, size of 
combustion zone, and burning rate, all of which extend to the distance 
representing that required to obtain a thermal energy value of 0.3 cal- 
ories/square centimeter/second from the source material. This value 
accepts first degree burns on an individual in a relatively long duration 
fire and who takes turning evasive actions. This value has been deter- 
mined by measurement of burn effects on humans and on combustible re- 

2 sources. 

Firebrands 

The data to be derived will be used to establish the spatial distri- 
bution (number per unit area), thermal capacity, and size of the emitted 
brands as functions of material and fire characteristics. 

Ammunition Thermal Effects on Standard Construction Materials 

The data to be derived will be used to relate the thermal threat of 
ammunition firebrands and Underwriters Laboratory (UL) firebrands on 
standard construction materials.-' 
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RESEARCH APPROACH 

The Thermal Effects Standards Working Group recommended that the 
contractual effort be divided into two phases. Phase I involves tests 
using relatively large quantities of ammunition to determine quantita- 
tive thermal effects data.  The information obtained in these quantifi- 
cation tests will become the reference standards upon which the quantity- 
distance tables will be established. Phase II involves tests using small 
quantities of ammunition to determine quantitative thermal effects data. 
The information obtained and the test procedures used will become the 
reference standards upon which the hazard classification tests for new 
ammunition items will be established. 

TEST AMMUNITION 

Review of the ammunition items in DoD hazard class 1, divisions 3 
and 4 by the working group resulted in the selection of the "worst-case" 
ammunition items.  In the contract effort these "reference-materials" 
will be tested in their standard-storage configuration and in their 
shipping containers.  In addition, all tests in phases I and II are to 
be conducted when the wind speed is five miles per hour or less in the 
absence of precipitation or dust storms.  The following "reference- 
materials" will be used in phases I and II based upon their availability: 

1. Ammonium nitrate 
2. Smokeless powder, single, double or triple base gun propellant 

(granulation and composition to be selected later). 
3. Bombs, photoflash, M22 without burster; document destroyer; or 

illuminating projectiles. 
4. M3, M5, or M30 rocket motor. 
5. AGM-12B liquid bullpup fuel and oxidizer. 

THERMAL AMMUNITION TESTS 

Phase I - Thermal Flux Tests 

The recommended ammunition sample sizes are to be 200, 400, 1600, 
and 6400 pounds net combustible weight (NCW). NCW is the total weight 
of combustible material; e.g., ammunition item, shipping container, and 
packing materials.  Peripheral ignition of the ammunition will be accom- 
plished with a standardized igniter so as not to perturb the thermal 
measurements. 
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It is anticipated that the temporal and spatial characteristics of 
the radiation field will be measured with a series of foil-type radio- 
meters - Gardon-type radiometer, with a range which includes 0.3 calories 
per square centimeter per second. A minimum of three radiometers will 
be used in a line from the source in at least two directions at a 90° 
angle. The size of the thermal source and the combustion zone will be 
documented by time-lapse color photography.  In addition, the burning 
rate will be determined by a weight-loss method; e.g., load cells which 
are designed to provide data based upon time and weight. 

Phase I - Firebrand Tests 

The same test conditions as specified for the thermal flux test 
will be used simultaneously for the firebrand tests except for the in- 
strumentation which may use infrared scanners or the determination of 
firebrand effects using the melting of plastic sheet or charring of wood. 
The firebrand tests shall be designed so that the data will provide a 
means to determine the equivalence between ammunition firebrands and UL 
class A, B, and C firebrands (figure 1). The equivalence will be ex- 
pressed in a convenient term, such as weight, and will be based on the 
effects produced by burning firebrands on UL class A, B, and C construc- 
tion materials.  In addition, the firebrand effects are to be documented 
in the horizontal and elevation views from the burning source material. 

Phase II - Direct Radiation Measurement Tests 

One of the tests will use a 2-inch cube (8-cubn inches) of bulk- 
reference material.  For the assembled reference items, the test specimen 
to be used will represent the standard storage configuration for that 
item or the configuration specified in TB 700-2, NAVORD Instruction 
8020.3, and TO-11A-1-47, OSAR 8220.1.  The standard test apparatus will 
be designed in such a manner that only one surface is ignited by pre- 
venting ignition of the other surfaces.  The test apparatus should not 
be massive so as to avoid the possibility of confinement leading to 
explosion or pressure rupture, and to the formation of fragments.  Direct 
radiation measurements will again be determined using a foil-type radio- 
meter with a range which includes 0.3 calories per square centimeter per 
second.  The thermal radiation as a function of the distance from the 
thermal source and the burning rate as determined by the weight-loss 
method will be determined using controlled ignition of a 2-inch cubi. 

Single item external fire, STANAG , tests will be conducted using 
a controlled ignition on one or more items as determined by their normal 
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storage configuration.  The data to be derived from the tests shall 
provide quantitative thermal radiation values in relation to the 
distance from the thermal-source material. 

Phase II - Firebrrud Tests 

Single item external fire, STANAG , tests will be conducted using 
a controlled ignition on one or more items in their normal storage con- 
figuration.  The data to be derived from the tests shall provide 
quantitative thermal radiation values in relation to the distance pro- 
pelled, and number and size of the firebrands. 

CONCLUSIONS 

New Department of Defense Thermal Effects Standards will be derived 
from the test data listed below.  These data will be used to establish 
thermal effects table distance values offering the equivalent thermal 
protection as is now provided for inhabited building, intraline, public 
traffic route, and intermagazine distances-*. 

a. Quantification Ttsts - Thermal Flux: 

(1) Information which indicates the quantity-distance relation- 
ships which approximate 0.3 calories per square centimeter per second. 

(2) Information which indicates the burning rate as related 
to the material quantity. 

(3) Information which indicates the size of the combustion 
zone as related to the material quantity. 

b. Quantification Test - Firebrand: 

(1) Information which indicates the spatial distribution, 
thermal capacity, and size of firebrands emitted from the source material. 

(2) Information on the maximum distance the firebrands are 
omitted from the source material. 

c. Hazard Classification Test - Direct Radiation Measurement 

(1)  Information which indicates the thermal energy released 
from test material as related to the thermal energy released frou 
reference material. 
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(2) Information which indicates the distance required to 
obtain a thermal energy value of 0.3 calories per square centimeter 
per second from the source material. 

(3) Information which indicates the burning rate of the 
source material. 
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UL Firebrand Class    BTU 

A 

B 

C 

BTU Weight 
(Grams) 

Kilogram 
Calories 

IXUUllU^u 

35200 2000 8870 8900 

8800 500 2237 2200 

163 9 Al 40 

Figure 1. 
Heat Equivalence of Firebrands (UL) Using Fir and Pine Wood 
camniPR and Assuming 8000 BTU/lb (1 gram « 2.2 x 10  lbs.; Samples and Assuming 
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ABSTRACT 

The need is discussed for a single, standardized electrostatic 
sensitivity test apparatus and procedure for characterizing energetic 
materials. An improved, approaching-needle apparatus and operating 
procedure are described, which have been proposed to the Joint 
Service Committee for adoption as a standard. The apparatus is 
simple, safe, and capable of yielding meaningful and reproducible 
results. The proposed test procedure is divided into two parts; a 
screening test to distinguish between primary and booster or main- 
charge explosives and a test to rank or compare energetic materials 
in the primary explosive category.  In the screening test, the test 
materials are assessed by using an oscillatory discharge. The 
energy for this test is fixed at 0.020 J. There is no electrostatic 
distinction made between booster and main-charge explosives.  Those 
materials which are ignited at the 0.020J level are relatively 
sensitive and are placed in the primary explosive category. In the 
ranking test, the sensitive materials are assessed using oscillatory, 
spark, and contact discharges. The contact portion of the test is 
optional. 

The time-dependent gaseous discharge characteristics of the 
approaching-electrode apparatus are also described. It is shown 
that the addition of resistances in series with the gap changes the 
nature of the discharge from an oscillatory discharge to a ..ixdirec- 
tional one. It is also shown that the magnitude of the current, 
which is affected by the series resistance, can determine the form 
of the unidirectional discharge.  For currents larger than about 0.3 
A, the discharge is essentially an arc, characterized by a low (30- 
100 V) voltage drop across the gap. For currents less than 0.1 A, 
the discharge is essentially a spark discharge characterized by a 
voltage drop of approximately 300-400 V across the gap. The effi- 
ciency of energy delivery from the storage capacitor to the gap is 
profoundly affected by the form of the discharge. The efficiency 
for arc discharges is approximately 3-6% and the efficiency for 
spark discharges is approximately 15-25%. The energy of initiation 
of energetic materials in the primary explosive category as deter- 
mined by gaseous discharges is a strong function of the energy 
delivery rate. The minimum initiation energy values are consider- 
ably less in the spark mode (long duration discharge) than in the 
oscillatory or arc modes (short duration discharges). 
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INTRODUCTION 

Electrostatic sensitivity tests are used to assess the electro- 
static hazards associated with processing and handling energetic 
materials. There is, however, no standard electrostatic test because 
those in current use were independently designed and fabricated by 
government or private laboratories for their internal purposes.  At 
present, there are four different electrostatic sensitivity appara- 
tuses and test procedures specified in the Joint-Service Manual (Ref 
1) for use in qualifying primary, booster, and main-charge explosives. 
Here at ARRADCOM, there are at least five additional, different 
apparatuses. Although, in principle, the tests are similar, the 
parameters of the equipment are different.  Consequently, widely, 
varying minimum initiation energy values have been reported for a 

single substance such as lead azide.  As can be seen in Table 1, 
-2 -8 -1        -5 

values varied from 2 x 10  to <6 x 10  and 1 x 10  to 2 x 10  J 
fc RD1333 lead azide and dextrinated lead azide, respectively.  It 
i also possible to change the relative order of sensitivity of 
primary explosives with the same apparatus by altering the test 
parameters or the rate of energy delivery. In Table 2, it can be 
seen that dextrinated lead azide is more sensitive than tetracene 
when no resistance is in series with the gap (oscillatory discharge). 
However, when a 100-kilohm resistor is in series with the gap (spark 
discharge), tetracene is more sensitive.  Nevertheless, electrostatic 
sensitivity tests can provide an important measure of the hazards 
associated with processing and handling energetic materials.  The 
nature of the te.;;t and interpretation of the results are key factors. 

In this paper, I will first describe the time-dependent gaseous 
discharge characteristics of the improved approaching-needle appara- 
tus, which has been proposed to the Joint-Service Committee for 
adoption as a standard. Then I will describe the apparatus and the 
recommended operating procedure. 

Gaseous Discharge Characteristics 

For a better understanding of the electrostatic sensitivity 
data and to improve the tests, it is important to recognize that 
when a charged capacitor is discharged through a gas (spark gap), 
several different modes of discharge can occur depending upon the 
value of the series resistance in the discharge circuit.  Figure 1 
shows the current waveforms for several values of series resistances 
when a 1176 pF capacitor charged to 3000 V is discharged to ground 
through the discharge circuit containing a 0.18 mm preset gap. With 
no series resistance In the discharge circuit, the current and 
voltage of the gaseous discharge vary in an oscillatory (under- 
damped) manner due to the inductance inherent in the circuit. 
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Addition of resistance to the circuit damps out the discharge and 
results in an overall shortening of the discharge time and a de- 
crease in the current amplitude.  Tue discharge time reaches a min- 
imum when the added resistance results in a critically damped 
circuit. Further increases in resistance results in unidirectional 
(overdamped) discharges of longer duration. With large series 
resistances (hundreds of kilohms) the discharge is no longer con- 
tinuous but takes the form of bursts of sparks due to relaxation 
oscillations.  Representative current and voltage waveforms for a 
relaxation-oscillation discharge is shown in Figure 2. 

It is also important to recognize that unidirectional dis- 
charge can occur as arcs or sparks.  Both modes may occur in a 
single discharge, depending prima ily on the resistance in the 
discharge circuit and to a lesser extent on the initial voltage. 
An arc is a post-breakdown discharge in which thermionic emission 
from the cathode is responsible for sustaining the discharge.  The 
most characteristic features of an arc are the low post-breakdown 
voltage drop across the gap, which is usually of the order of tens 
of volts (30-100 V), and the high current flow, larger than 0.3-0.5 
A.  An arc may be formed for series resistances as large as 10-20 
kilohms, for gaps as large as 1.3 mm, and is not necessarily associ- 
ated with touching electrodes.  A spark discharge on the other 
hand, is a post-breakdown regime in which the discharge is main- 
tained by secondary emission of electrons from the cathode by ion- 
bombardment.  The voltage drop across the spark is typically 300- 
400 V and the current is in the milliampere range.  Representative 
current and voltage waveforms for an arc and a spark are shown in 
Figure 3 for resistances of 2, 10, 100 kilohms.  Figure 3A repre- 
sents an arc discharge.  It can be seen that the voltage across the 
gap, which is initially sufficiently high to break down the gap 
(greater than 1400 V), rapidly decreases to the low post-breakdown 
voltage of approximately 30-100 V (region a) and remains at this 
low voltage until the discharge ceases.  The voltage across the gap 
then increases to the value of the voltage remaining on the storage 
capacitor (region b), since there is no longer a voltage drop 
across the series resistor.  The current (dashed line) decreases as 
the storage capacitor discharges in a conventional capacitor dis- 
charge pattern from several amperes to below a minimum sustaining 
value (point c), at which time the discharge ceases. 

With the 100-kilohm resistor (Fig 3C), a spark discharge is 
obtained. The parameters are the same as for Figure 3A except for 
the higher series resistor. The behavior is similar to that of the 
arc (Fig 3A) except that the post-breakdown voltage is higher, 
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approximately 300-450 V, and the peak current is lower, about 30 
milliamperes, For an intermediate resistance (10-kilohras) (Fig 
3B), the waveforms show that there is a transition during the 
discharge from an arc to a spark.  The gap voltage during the 
discharge jumps abruptly from 100 V (arc) to 350 V (spark) with a 
change in the slope of the current waveform.  In the transition 
range the nature of the discharge can be different for repetitive 
tests.  These gaseous discharge characteristics are very similar to 
those observed for the fixed-gap, oarallel-plate apparatus (Ref 
2,3). 

Efficiency of Energy Dissipated in the Gap 

Another effect of adding series resistance is to change the 
fraction of the energy stored in the capacitor that is dissipated 
in the spark gap.  The energy dissipated in the gap may be written, 

E   = fV  (t)I (t)dt (1) 
gap    8   g 

where 

V (t) = instantaneous gap voltage 

I (t) = instantaneous gap current 
6 

The voltage waveforms (Fig 3) show that th^ voltage drop for either 
an arc or a spark is approximately constant.  Thus, Equation 1 may 
be rewritten, 

E   = V /I dt 
gap   g g 

" V8 
(2) 

where o is the total charge passing through the gap. The total 
charge In microcoulombs (uC) was determined by measuring the final 
voltage, V, across a one microfarad capacitor, C, in series with 
the gap, 

0 - CV (3) 
g 

The total energy available in the storage capacitor, E  , is, 
cap 
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E   = 1/2 C T (4) 
cap     oo ' 

where 

C = capacitance of the storage capacitor 

V = voltage to which the capacitor is initially 
charged 

The efficiency is the fraction of the total energy in the storage 
capacitor which is dissipated in the gap containing the sample; thus, 

E      2Q v ,» 
_Sä£ =   6 8 (5) 
E      C V2 
gap     o g 

The efficiency for arc discharges is approximately 3-6% and the ef- 
ficiency for spark discharges is approximately 15-25%. The efficiency 
for an oscillatory discharge is assumed to be about 90%. 

Improved Apparatus for Assessing Electrostatic Hazards 

To meet the need for a single, standardized electrostatic sensi- 
tivity test apparatus and procedure for characterizing energetic ma- 
terials, an improved, approaching-needle apparatus was proposed to the 
Joint Service Committee for adoption as a standard test.  It is simple, 
safe, and capable of yielding meaningful and reproducible results.  In 
particular, it distinguishes between primary and booster or main-charge 
explosives, as well as ranks the electrostatic sensitivity of an ener- 
getic material in the primary explosive category. 

The electrostatic sensitivity apparatus consists of a charging 
circuit and an approaching-electrode assembly. The approaching- 
electrode assembly (Fig 4) is a spring-operated device in which the 
upper electrode (needle) is rapidly lowered to a preset distance above 
the base electrode and immediately raised again to its initial position. 
Adjustments in trie gap length is made by raising or lowering the lower 
(cathode) electrode by means of a micrometer, which is connected to the 
lower electrode and is located outside the firing chamber. The firing 
chamber can be made smaller than a 30 cm cube. 

A schematic diagram showing the principle of operation of the 
approaching-electrode assembly is given in Figure 5. The needle elec- 
trode is raised to the cocked position when the handle "D" is pulled to 
the left position. The spring "F" is under maximum tension at this 
point. The release rod "H" is engaged. When the release rod is pulled, 
the spring contracts, thereby rapidly lowering the needle to its lowest. 
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position and immediately raising it again to its initial position. 
Handle "D" must be pulled to the left again to cock the device for 
another trial. 

At present, for booster, main-charge, and some primary explos- 
ives, it is difficult to determine whether ignition actually occur- 
red, or whether the smoke observed was just finely divided particles 
of the explosive dispersed by the discharge.  In the proposed appara- 
tus, a special sample holder was designed which allows the reproduc- 
ible detection of a limited amount of reaction in the sample.  The 
sample holder confines the explosive for a time long enough to allow 
a self-sustaining reaction to get underway.  The upper portion of the 
lower electrode (cathode) is a detachable, solid cylinder of hardened 
steel, which serves as the explosive holder (Fig 6).  The holder 
consists of a 0.9-1.6 mm thick nylon or polyethylene washer (3.2-4.8 
mm i.d.) fastened along the sides with double adhesive tape to the 
top of the steel cylinder, leaving a space 3.2-4.8 mm by 0.9-1.6 mm 
high to contain the explosive.  Electrical insulating tape (0.19 mm 
thick) placed over the opening provides adequate confinement.  In 
using the sample holder, the steel needle punctures the tape and a 
discharge occurs through the interstices of the powder.  A minimum 
reaction is indicated by a severed tape, whereas no reaction is 
evidenced by a punctured but otherwise intact tape. 

A schematic of the charging circuit is shown in Figure 7.  The 
circuit is designed so that the apparatus can be used both as a 
screening test to characterize energetic materials and as a test to 
rank sensitive materials.  In the screening test, a 0.002! mfd capaci- 
tor is charged to 4.5 kV.  No resistance is in the discharge circuit, 
thus the test materials are assessed by using an oscillatory discharge. 
The energy for the test is 0.02 J, which is the charge energy that an 
ungrounded person can accumulate.  There is no electrostatic distinc- 
tion made between booster and main-charge explosives.  Those materials 
which are initiated at the 0.02 J level are relatively sensitive and 
are placed in the primary explosive category.  A second test is then 
used to rank the sensitive materials. 

The sensitive materials are assessed using oscillatory, spark, 
and contact discharges.  The contact discharge portion of the test 
can be optional. The unit is designed to provide a discharge at any 
voltage up to 5 kV from any capacitance from 250 pF to 0.01 rafd.  To 
obtain an unambiguous measure of the relative sensitivity to the 
spark mode, the series resistance is 100 kilohms, which limits the 
peak current to less than 0.1 A.  A detailed description of the 
apparatus and operating procedure are given in Reference 4. 
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The charging circuit is designed so that the storage capacitor 
is connected to the high-voltage source only when the approaching 
electrode is in the raised position.  As soon as the approaching 
electrode starts to move downward, the high voltage contact is broken, 
thus disconnecting the high side of the capacitor from the charging 
source during discharge.  For safety, a high-voltage, double-pole, 
double-throw pressurized relay (switch) is included to discharge to 
ground any residual voltage remaining in the discharge circuit after 
the discharge operation is completed.  The relay also prevents the 
capacitor from being recharged when the electrode is in the raised 
position until the reset button is pushed.  The door of the firing 
chamber is provided with an interlock switch, which, when the door is 
opened, automatically disconnects the high-voltage power supply from 
the storage capacitor and shorts to ground the charged capacitor and 
the approaching-electrode assembly. 

Reproducibility 

Two series of tests were carried out at the 50% firing point 
to determine the reproducibility of the approaching-needle apparatus. 
One of the tests was with RD1333 lead azide and the other test was with 
dextrinated leaa azide.  The results, summarized in Table 3, show very 
good reproducibility.  The spread of the 50% firing points are well 
within the range generally observed for sensitivity measurements. 

Screening and Ranking Test Results 

The screening test results for a number of explosives commonly 
used are given in Table 4. As can readily be seen, primary explosives 
fired, whereas booster and main-charge explosives did not.  The rank- 
ing of the sensitivity of five primary explosives are shown in Table 
2.  It should be noted that dextrinated lead azide is more sensitive 
than tetracene to an oscillatory discharge, but is less sensitive to 
a spark discharge.  The 50% firing point values were used to rank the 
very sensitive primary explosives. 

REFERENCES 

Joint Service Safety and Performance Manual for Qualification 
of Explosives for Military Use, Joint Technical Coordinating 
Group for Air Launched Non-Nuclear Ordnance Working Party for 
Explosives, ARRADCOM, Dover, NJ 1971 

M.S. Kirshenbaum, Response of Lead Azide  to Spark  iHseharaes 
Via a  .Vfc'.v Parallel-Plate Electrostatic Sensitivity Apparatus, 
Technical Report 4559, Picatinny Arsenal, Dover, NJ, June 1973 

337 



3. M.S. Kirshenbaum, Functional Circuit Parameter' Approach to the 
Electrostatic Sensitivity of Primary Explosives,  Proceedings 
of the International Conference on Research in Primary Explo- 
sives, 17-19 March 1975, Explosives Research and Development 
Establishment, Waltham Abbey, Essex, England 

4. M.S. Kirshenbaum, Response of Primary Explosives  to Gaseous 
Discharges in an Improved Approaahing-Electrode Electrostatic 
Sensitivity Apparatus,  Technical Report 4995, Picatinny 
Arsenal, Dover, NJ, October 1976 

5.  W.L. Shimmin, J.H. Huntington, and L. Avrami, Radiation and 
Shock Initiation of Lead Aside at Elevated Temperatures,  Air 
Force Weapons Laboratory Report 71-163 and Physics International 
Final Report PIFR-308, Kirtland Air Force Base, NM, 1972 

6. D. Hopper and F. Arentowicz, unpublished results, ARRADCOM, 
Dover, NJ, 1968 

7. P.W.J. Moore, J.F. Sumner, and R.M.W. Wyatt, The Electrostatic 
Spark Sensitiveness of Initiators: Part II-Ignition by Contact 
and Gaseous Electrical Discharges,  Explosives Research and 
Development Establishment Report 5/R/56, Waltham Abbey, Essex, 
England, 1956 

8. J.B. Johnson, Remington Arms Company, Inc., Static Sensitivity 
of Lead Azide,   Lake City Army Ammunition Plant, Independence, 
MO, 1966 

9. L.J. Montesi, and H.J. Simmons, Sr., Interim Qualification  Test 
Results of the New Explosive Compositions Used in the APAM 
Rotor Assembly,  NOLTR 73-47, Naval Surface Weapons Center, 
White Oak, Silver Spring, MD, 1973 

10. P.W.J. Moore, The Electrostatic Spark Sensitiveness of Initia- 
tors:  Part III- Modification of the Test to Measure  the 
Electrostatic Hazard Under Normal Handling Conditions,  Explo- 
sives Research and Development Establishment Report 22/R/56, 
Waltham Abbey, Essex, England, 1956 

11. M.S. Kirshenbaum, unpublished data, ARRADCOM, Dover, NJ 1976 

338 

——«M«MMaBea^Ma«a : 



Table    1 

Lead azide minimum initiation energies 

Azide Energy (J) Reference 

RD1333 2 x 10~2 5 

4 x 10~3 6 

4 x 10_i+ 4 

3 x 10~6 7 

<6 x 10~8 8 

Dextrinated 1 x 10_1 9 

2 x 10~2 5 

2 x 10~3 10 

4 x 10~4 11 

2 x 10"5 7 

339 

■■BBSIB 



Table 2 

50 Percent initiation points of primary explosives 

Energy (10 7J) 

Explosive 
Oscillatory 
discharge 

(R = 0 ohms) 

Spark 
discharge 

(R = 100 kilohms) 

Basic lead styphnate 3,400 1,000 

NOL-130 3,350 900 

RD1333 lead azide 23,600 9,000 

Dextrinated lead azide 31,500 18,400 

Tetracene 62,500 11,100 
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Table 3 

Reprodu -ibility of determinations using 
RD1333 lead azide & dextrinated lead azide 

(50% firing point) 

Oscillatory discharge Spark discharge 
(R = 0 ohms, C = 625 pF)     (R = 100 kfl, C = 1176 pF) 

Date test      V (kV)      E (10~7 J)      V (kV)     E (10~7 J) 

RD133 lead azide 

4/25/77 3.02 25,000 2.77 9,000 

5/04/77 2.48 17,300 2.71 8,600 

5/11/77 3.15 28,000 2.98 10,400 

Dextrinated lead azide 

4/13/77        3.30        30,500        4.09       19,700 

5/12/77        3.50        32,500        3.75       16,500 
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Table 4 

Screening test results 
(Energy: 0.02J) 

Explosive Fire/no fire 

Lead styphnate Fire 

RD1333 lead azide Fire 

Dextrinated lead azide Fire 

Tetracene Fire 

Composition B No-fire 

Tetryl No-fire 

PETN No-fire 

RDX No-fire 

HHX No-fire 

TNT No-fire 
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Fig 5 Schematic showing operation of approaching assembly 
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ABSTRACT 

A machine with a rotary action has been developed to assess the 
sensitiveness of explosives to friction between metal surfaces. To 
provide a reasonably reproducible source cf hot spots, the two surfaces 
confining the explosive should first be in stationary contact under a 
fixed load, then one surface is moved a fixed distance at some suitable 
velocity, after which the surfaces are separated. 

The load is applied to the underside of a flat steel block which 
supports a thin layer or sliver of the explosive material in contact 
with the curved surface of a steel wheel. The latter is moved at a pre- 
determined velocity, by engagement with a fly-wheel, through one-sixth 
of a revolution. The load and velocity are the normal working para- 
meters of the test, while the strike length, finish (prepared by grit 
blasting) and hardness of the surfaces are normally kept constant. The 
standard procedure at present is a 50-shot up-and-down run, varying the 
velocity for each shot and keeping the load constant. 

The machine is capable of covering the range of friction sensitive- 
ness shown by primary explosives at one end to TNT at the other. RDX 
and PETN have given quite reproducible results, whereas HMX gives a 
wider spread. TOT ignitions are difficult to discern. Several compo- 
site propellants and pyrotechnics have also been studied.  Very 
reproducible results have been obtained with lead azide, silver azide 
and lead styphnate and their sensitisation by grit has been demonstrated. 

In the case of RDX and PETN, a relationship of the form M\T = 
constant has been found, where M is the load and V is the velocity for 
50 per cent ignitions.  It is hoped that this will form the basis of a 
scale Yo cover the whole sensitiveness range. 

A few surfaces other than steel have also been studied. 

353 



SUMMARY 

A mechanically operated test for the friction sensitiveness of 
explosives has been developed to replace the UK mallet friction test. 
The hardness and finish of the working surfaces together with the load 
and strike length are all kept constant, the latter by driving a wheel 
through a fixed angle, the explosive sample being held between the 
periphery of the wheel and a flat block. The velocity remains constant 
during the strike, but is varied from shot to shot following the well- 
known "up and down" procedure. The results are analysed to give the 
velocity for 50$ ignitions. 

This new test covers the whole range of sensitiveness from primary 
explosives through propellants and pyrotechnics to high explosives. 
The product of the load and the square of the velocity for any explosive 
is shown to be sensibly constant suggesting that this value can be used 
as a measure of the friction sensitiveness over this wide range. 
Although normally operated with the sample between steel surfaces, 
other materials can be used if required. 
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INTRODUCTION 

Of the many mechanical sensitiveness tests for explosives, those 
depending on friction for the generation of heat and its transfer to 
the explosive sample generally give rise to many more problems than 
those dependent on impact or an electrostatic spark, since the rate of 
production of heat energy is much slower than in the latter tests.  As 
would be expected therefore, any friction sensitiveness test will 
depend largely on the operating velocity and the thermal conductivity 
and geometry of its working surfaces.  Of the many attempts to compro- 
mise these various factors and produce a useful test those of Alleghany 
Ballistics Laboratory^ and the US Naval Ammunition Depot have met witli 
some success in the fields of propellants and pyrotechnics, whiLe the 
friction sensitiveness test of the Bundesanstalt fur Materielprufung3 
has been used by a number of European countries. The UK however has 
continued to rely on the mallet friction test* for comparison of 
explosives for both military and civil use. 

From a knowledge of the operating characteristics of the above 
tests a new test described as the Rotary Friction Sensitiveness 1'est 
has been devised.  This was aimed at producing comparative values for 
the friction sensitiveness of explosives ranging from the most sensitive 
primary explosives to the relatively insensitive high explosives. The 
hardness, surface finish, contact area ana length of strike are kept 
constant and with a fixed load on the sample the results are determined 
as the velocity required for 50 per cent ignitions.  The principle of 
operation is to hold the thin sample of explosive between the prepared 
surfaces of a flat strip and a cylinder or wheel, under a given load. 
The wheel is then rotated by means of a drive from a heavy flywheel and 
striking mechanism at a more or less constant velocity after which the 
surfaces are separated.  Each material is subjected to a 50-shot "up 
and down" run following the procedure described by Dixon and Mood-3 

to determine the velocity for 50$ ignitions for a given applied load. 

EXPERIMENTAL 

The sample of explosive is either cut as a sliver or spread by 
means of a spatula so that its thickness is no more than about 0.1 mm 
on a flat strip of steel, diamond hardness 200, whose surface has been 
prepared by gritblasting to a finish of 1.5 to 2.0 u'n (60 to 80 v   inches), 
This strip is shown at A (Fig 1) and is held by means of the compressed 
air cylinder 3 under the predetermined load in contact with the 
periphery of the wheel C.  The latter has the dimensions: 
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Diameter        68 mm 

Thickness        9-5 mm 

Surface finish    1-5- 2.0 vim 

and is of steel of diamond hardness 470 + j$0.  The wheel is mounted on 
spigots on the end of a rotor the other end of which holds a pivoted 
latch operated by a relay switching mechanism in the circuit of a 
solenoid. When the firing switch is operated this latch is moved into 
the path of a striker on the periphery of a heavy flywheel which drives 
the rot.a' and therefore the roughened wheel through 60° after which 
the friction surfaces are separated by means of a cam on the rotor and 
a push rod operated by the loading cylinder. The three eccentric 
spigots determine the section of the wheel subjected to the strike so 
that eacii wneel can be used for six strikes, three from each side, 
before resurfacing. This is done by gritblasting as with the flat 
surfaces, the geometry of which enables eacn metal strip to be used for 
eight strikes each on a fresh surface. 

The load used is usually 72 kg for explosives and propellants, cr 
9 kg for primary explosives, and is controlled by a regulator in the 
air line. The striking velocity can be varied from 0.4 m/sec to 
8.0 m/sec by controlling the speed of the motor which drives the fly- 
wheel. This speed is therefore set at a suitable starting value 
according to the explosive being tested and the first shot fired, the 
occurrence of ignition being detected usually by a report or flash.  In 
some eases however only a little smoke may be seen or even just a 
blackening of the smear left on the friction surfaces, any of these 
observations being counted as a "fire".  According to the "up and down" 
procedure the velocity is increased for a failure or reduced for a fire, 
bj about 10 per cent of the previous velocity, and so forth until 50 
shots have been done.  The proportions of fires at the successive 
levels are then submitted to a computer for Probit Analysis," from 
tfhieh an optimised vaiue of the velocity for 50 per cent ignitions is 
obtained, together with the standard error of this velocity.  The slope 
of the probability regression can also be obtained, but for this 
purpose it is an advantage to provide some additional experimental 
values to those obtained by the simple up and down procedure, and some 
work In this direction is now being carried out. 

RESULTS 

Crystalline explosives were the first to be examined with this 
test and these materials were first sieved through an 80 mesh sieve to 
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allow a suitably thin layer to be spread on the flat strip.  Since 
both load and velocity can be varied some of these materials were 
tested with different loads with a view to establishing some correla- 
tion between these parameters.  It was found that for a particular 
explosive the load M times the square of the velocity V is constant 
and tliis may be regarded as a figure of merit for that explosive, 
Table 1. 

RDX and PETN probably attract the greatest interest since these 
are often accepted as standards for comparison of most explosives. 
The figures for TNT and HMX are given for comparison but should be 
accepted with some reserve.  In the case of TNT evidence of ignition 
was only seen as a partial blackening of the smear of explosive, and 
the low melting point of this explosive means that this must exert a 
lubricating action. The HMX was tested as the ß-form and although an 
apparently satisfactory figure for 50 per cent ignitions was obtained 
the probability of ignition varied only a little with the velocity of 
strike probably due to phase changes during the strike. 

The very much greater sensitiveness of the primary explosives 
lead styphnate and lead and silver azides is well illustrated.  Tn 
addition the effect of adding 2 per cent grit to the lead azide reduces 
the velocity for ignition by a factor of three to 0.4J m/s which is 
about the lowest working velocity of the system and indicates an 
extremely hazardous material. Even at this level the standard error is 
still quite small,in relation to its parent value,which is highly 
satisfactory.  Other mixtures of crystalline powders which have been 
tested are pyrotechnic compositions and these have also given useful 
results. 

Propellant compositions have been tested as thin slivers cut with 
a microtome or knife and spread or pressed to a layer of not more than 
0.1 mm using a rolling pin specially profiled for the purpose.  A 
typical result for a plastic propellant was 2.5 m/s +0.2 with an 
applied load of 72 kg. This same material was also tested on flat 
strips of carbon fibre block, which had a diamond hardness of about 50, 
and gave rise to a value of 4.7 m/s for tne velocity. 

DISCUSSION 

The values of the standard errors shown in column J of the table 
are usually not more than about 5 per cent of the values they qualify 
and this is regarded as a very satisfactory discrimination factor for 
the test, especially when considered in relation to the wide range of 
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sensitiveness coverage.  In fact the test has been used with some 
success to monitor changes of sensitiveness resulting from climatic 
storage trials on a variety of materials on the one hand and small 
changes in composition during the development of particular propellants 
on the other. 

M\T in 
The "figure of merit" for any explosive as shown by the value of 
Table 1 is, as might be expected, an energy term.  It would be 

unwise however to regard it in any way as absolute since only a very 
small proportion of the energy extracted from the flywheel in a single 
shot is seen by the explosive.  It is appreciated that a fuller under- 
standing of the action of the test may be achieved by measuring the 
loss of energy of the flywheel during a strike and correlating this in 
turn with the amount of metal ground out of the flat strip and with the 
transfer of heat from this region to the explosive.  It has been found 
also that this metal to metal contact is an essential pre-requisite to 
ignition in this test, and ignitions due to friction between the metal 
surface of the wheel and the explosive alone would require several 
times the velocities used in this test. 

CONCLUSIONS AND RECOMMENDATIONS 

The Rotary Friction Sensitiveness Test fulfils a long awaited 
requirement for assessing the friction sensitiveness of various explo- 
sives in terms which can be used by engineers to design processing 
equipment to minimise hazards either in normal functioning or in the 
event of excessive friction due to fault development. The analysis of 
the results has hitherto been made on the basis of a normal arithmetic 
probability distribution which is as far as a 50-shot "up and down" run 
would permit.  A more extensive investigation would be required to 
establish the validity of a logarithmic probability distribution from 
which it may be possible to extract more definite information in the low 
incidence region of sensitiveness. 

The essential dimensions of the working surfaces liave been indica- 
ted with values for the hardness and surface finish.  It is feasible to 
change the materials of the wheel and flat strip for other relevant liard 
materials and a very limited amount of work has already been done in 
this direction. The importance of using the same surface finish in each 
test is t'.lso realised and the method of achieving this to the usual 
tolerances is described in the Appendix. 
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APPENDIX 

DETAILS OF WORKING SURFACES 

The flat surface is normally of mild steel, diamond hardness = 
200 + 10 and is prepared by gritblasting as for the curved surfaces 
see below but the surface finish is not quite so critical. However, 
the friction test makes a groove approximately 0.001 in deep and the 
strip must first be ground flat again by some suitable means before 
gritblasting. 

The curved surface of each wheel is cleaned and prepared by 
gritblasting with 46 alumina grit using a quarter inch diameter boron 
nitride nozzle at a distance of about one inch from the surface. The 
feed pressure is about 70 to 90 psi, and two or three minutes is 
sufficient to refurbish a set of wheels. 

The surface finish should be checked either visually agai ist a 
standard prepared by the same method or using a profile measuring 
instrument. The finish should be 1.5 to 2.0 pm (60 to 80y inch). 
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TABLE I 

Explosive 
Load M 

Kg 

Velocity 
v

5o ^'S v2 
50 

2 
MV 

50 

PETN 18 
36 
54 

3.6 + 0.1 
2.8 + 0.2 
2.3 + 0.1 

13.3 
7.9 
5-3 

24 0 
282 
286 

RDX 36 
54 

72 

5.1 + 0.1 
4.3 + 0.1 
4.4 + 0.2 
4.5 +  0.2 
3.8 + 0.1 
4.0 +  0.1 

26.3 
18.6 
19.1 
20.3 
14.4 
16.0 

948 
1000 
1031 
1097 
1020 
1172 

'            HMX 36 
72 

3.1   + 0.2 
2.1   + 0.1 

9-4 
4.4 

335 
317 

i           TNT 72 3-7 + 0.3 13.7 980 

LEAD AZIDE 9 
18 

1.3+0.1 
0.8 + 0.1 

1.7    !      15 
0.6    j      11 

LEAD AZIDE 
+ 2% GRIT 9 0.4 + 0.04 0.16 1.4 

LEAD STYPHNATE 9 2.1   + 0.1 4.4 40 

SILVER AZIDE 9 1.7 + 0.4 2.9 26 

Copyright,   ((T) Controller,  HMSO,  London,   1977 
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ABSTRACT 

Research is underway on a new approach toward an improved 
standard friction sensitivity test which is based upon the measure- 
ment of interfacial temperatures generated by friction in explosives. 
The temperature rise is produced by sliding frictional stress at 
the contact area between a fixed solid explosive loaded against a 
rotating sapphire disc. A new instrument, which incorporates an 
infrared microscope, torque sensor and balance arm has been developed 
to obtain simultaneous measurements of temperature, apparent optical 
contact area, torque, angular velocity and normal force. Deforma- 
tion theory and Archard's theory of the surface temperature of rub- 
bing surfaces are used to calculate the elastic and plastic contact 
areas and the theoretical temperature rise from the physical proper- 
ties of the explosive and sapphire, the normal force, the sliding 
speed, the coefficient of friction and the contact geometry. 

Results are presented for Comp B. It was found that (1) Surface 
temperature rise increases with sliding speed, normal force and 
frictional heat input to the contact area, (2) The change of state 
of Comp B from solid to liquid was observed at the melting point by 
a decrease in torque, (3) The apparent contact area and the elastic 
contact area and the plastic contact area of the spherical surface 
of the explosive on a sapphire disc increases with load, and (4) 
Correlation is obtained between the experimental surface temperature 
rise and the theoretical temperature rise calculated using either -.he 

plastic contact area or the apparent optical contact area. 

Using this technique, it is expected that the effects of compo- 
sition, lubrication, contact geometry and method of manufacture upon 
the surface temperature and hence upon hazard ran be determined. 

365 

.A^MMa -  - =•--- ■*  

^^s^^  J^.1  ».„ „ . ,—iTihlorn,Him i i iii      -~~ —-■■    .   . —Mi 



L 

INTRODUCTION 

Understanding of the interfacial mechanisms involved in the 
initiation of energetic materials is required in order to provide a 
rational basis for a new approach toward an improved standard fric- 
tion sensitivity test.  Therefore, a new technique has been developed 
to measure interfacial temperatures produced by friction in energetic 
materials and to understand the role of the real contact area.  The 
temperature rise is produced by sliding frictional stress at the 
contact area between a fixed solid explosive loaded against a rotat- 
ing sapphire disc. A new instrument, which incorporates an infrared 
microscope, torque sensor and balance arm, has been developed to 
obtain simultaneous measurements of temperature, apparent optical 
contact area, torque, angular velocity and load. Deformation theory 
and Archard's theory cf the surface temperature of rubbing surfaces 
are used to calculate the elastic and plastic contact areas and the 
theoretical temperature rise from the physical properties of the 
explosive and the sapphire, the normal force, the sliding speed, the 
coefficient of friction and the contact geometry. 

This new technique provides a method to quantify fundamental 
properties of energetic materials such as surface temperature as a 
function of load, sliding speed and coefficient of friction.  Using 
this method it is expected that the effects of composition, lubrica- 
tion, contact geometry and processing on friction sensitivity of 
explosives can be determined. This new technique, used in conjunction 
with this data base, will provide a rational basis for the further 
development and establishment of standard sensitivity tests to 
evaluate hazards associated with energetic materials in development, 
manufacture, loading and field use.  The ultimate objective is to 
minimize the hazards due to friction sensitivity cf energetic 
materials through an understanding of their significant physical and 
chemical properties and thereby improve safety in production and field 
use. 

APPARATUS 

A schematic of the rotating disc sliding contact friction 
instrument is shown in Figure 1.  An explosive specimen mounted on 
one end of a balance beam is loaded against a sapphire disc by plac- 
ing weights in a bowpan pivoted at the other end. The specifications 
of the sapphire disc are thickness:  1mm, diameter:  2.54 cm, flat- 
ness: 10 waves, surface:  1 microinch, parallelism:  .0025 cm. The 
applied force at the contact area is approximately one and one-half 
times the force of the weights since the balance beam is pivoted to 
provide a 3:2 load ratio. The frictional stress and interfacial 
temperature rise at the contact area between the explosive and the 
sapphire disc is produced by rotating the disc at a constant angular 
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velocity in the 600-7000 RMP (.6-7 M/s) range by means of a 
synchronous motor in conjunction with a variable frequency power 
supply. 

The temperature rise at the interface between the explosive and 
the sapphire is measured with the IR microscope as follows. The 
radiance emitted at the contact area is transmitted by the sapphire 
disc and measured with the indium antimonide detector in the micro- 
scope. Either the temperature or the emissivity can be determined 
from the radiance if the other parameter is known.  The emissivity 
is the ratio of the radiance of the explosive to the radiance of a 
black body at the same temperature. Therefore, the emissivity of 
the explosive, heated to a known temperature, is first measured 
with the IR microscope so that the radiance data taken during the 
tribology experiment can be converted to a measured temperature. 

The torque which results from the frictional stress at the 
contact area is measured with a rotating shaft torque sensor and 
provides a value for the coefficient of friction. The angular vel- 
ocity of the rotating shaft is measured with a speed sensor, an 
integral part of the torque sensor, and provides a value for the 
sliding speed at the contact area. The air bearing provides low 
rotational friction and low axial and radial yield in the instrument. 
The operation of the friction and infrared measuring system is 
summarized in the block diagram in Figure 2. 

Temperature Calculation 

The mean temperature rise, 0 , of the contact area between the 
explosive and sapphire disc is calculated according to Archard's 
theory (Ref 1) which assumes that the heat is generated at the true 
contact area and is conducted away into the bulk of the rubbing mem- 
bers.  The model used in this theory is shown in Figure 3 (Ref 1). 
The spherical surface of the explosive, E, forms a circular contact 
area on the flat surface of the sapphire disc, S. 

Both elastic and plastic deformation are considered. The Hertz 
equation (Ref 2,3) is used to determine the radius of the elastic 
contact area 

A = v  a2 (1) 

a 
e (- 

v 2     i  _ v.2 
s  + *    ^3WRl/3 

Y Y 
S E 

(2) 
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where 

W 

R 

= Poisson's ratio of the explosive 

= Poisson's ratio of sapphire 

= Young's modulus of the explosive 

= Young's modulus of sapphire 

= Normal force at contact 

= Undeformed radius of the explosive 

For plastic deformation the contact area 

W 
P 

(3) 

where P = hardness of the softer body. Thus the plastic contact 
radius (Ref 1) 

W 
TTP 

1/2 
W 

The frictional heat, Q, generated when the explosive moves 
across the sapphire disc is the rate of heat supply from area, A, 
per second. Therefore the explosive receives heat from a stationary 
heat source and the sapphire disc receives heat from a moving heat 
source.  In Archard's theory the temperature rise of the explosive, 
0 , and the sapphire, 0g, is first calculated assuming that all of 
the frictional heat 

where 

v 

Q = v  W v 

coefficient of friction 

sliding speed at contact area A 

(5) 

is supplied to it. The sliding speed 

2 IT r  V 
V " —60  

(6) 
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where 

r  =  radius of contact from the center of 
sapphire disc 

V  =  angular velocity of rotating shaft. 

The coefficient of friction 

T y = w—r (7) 

where 

T  =  torque measured at contact area. 

Then the mean temperature of the contact area, 0 , is calculated 
from (Ref 1) m 

JL +J_ 
°E    0S 

(8) 

which determines the proportion of total heat flowing into each 
body by the requirement that each body has the same average tempera- 
ture over the contact area. 

The heat is supplied to a fixed contact area on the explosive 
and a steady state temperature 

0, 
A a KT 

(9) 

where 

is reached. 

thermal conductivity of the explosive 

Archard uses a dimensionless parameter, developed by Jaeger (Ref 
4), called the Peclet number 

v a dS CS 
2 K„ 

(10) 
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where 

d,,  = density of sapphire 

c„  = specific heat of sapphire 

to account for the effect of sliding «speed on the temperature rise. 

When the sliding speed of the sapphire disc at the contact area 
is sufficiently small, L < 0.1, there is ample time for the tempera- 
ture distribution of a stationary contact to be established in the 
sapphire and 

At higher speeds the temperature for a moving heat source falls below 
that for a stationary heat source because there is not sufficient 
time for the temperature distribution of the stationary heat source 
to be achieved in the moving contact. 

For moderate speeds,  .1 < L < 5 

aO Qs = m^r (i2) 

where a is a function of L which can be obtained from Figure 7 of 
Jaeger  (Ref 4). 

At high speeds, L > 5, 

Temperature Measurement 

■31Q ( 1 ) 1/2 (13) 
Ks a ( 2 L ) 

The temperature rise of the contact area is measured by the IR 
microscope as follows. The IR microscope has been equipped with a 
15X reflecting objective which provides spot size resolution of 3.56 
x 10~ M (0.0014 in.). The radiation from this spot plus that from 
a related solid angle between the spot and the detector is focused 
onto a liquid nitrogen cooled indium antimonide detector with a 
spectral response of 1.8-5.5 microns. 

The various sources which emit the radiation received by the 
detector from an arbitrary spot in a contact formed by a load which 
produces deformation of the explosive sample are shown in Figure 4. 
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The radiation consists of contributions from the explosive, N , the 
sapphire disc, N , and the ambient background, N .  The variables 
N , N , and N refer to the non-attenuated radiation which would be 
measured if each source could be observed separately.  The term 
ambient background refers to radiation from the room which retlects 
off the spot and into the detector. The sapphire is transparent 
and will absorb a very small amount of the IR. In addition, the 
total quantity of radiation will be affected by fresnel reflection 
losses at each interface between different media. These attenuations 
are represented by the attenuation factors n , ri , and n . They 
include losses due to reflection and absorption and are defined as 
the ratio of the radiation from a particular source reaching the 
detector to the radiation that would reach the detector without 
attenuation. 

The total radiation collected by the detector is given by 

NT " nE NE ■ nS NS + \  No (14) 

The total non-attenuated explosive radiation 

where 

NE " fE NBB <V (15) 

e     ■ emissivity of the explosive 

NRR(TF) = black body radiation intensity at 
temperature of explosive. 

The explosive radiation attenuation (Ref 5) 

\  = TS (1 " PI-S> (16) 

where pT „ = reflectance at normal incidence at sapphire air 
interface 

T_  » sapphire transmissivlty. 

The reflectivity at normal incidence of the sapphire air interface 
(Ref 6) is 

K « - x>2 
PT.S  - -i=§  (17) 
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where n   is the average of the refractive index of sapphire 
relative to air in the 1.8-5.5 micron region. 

The sapphire transmissivity 

xs = e"ßSXS (18) 

where ß  = absorption coefficient of sapphire 

x  = thickness of the sapphire disc 

T- can be calculated using available values (Ref 7) of the absorption 
coefficient for sapphire. Secondary reflections have been neglected 
by an order of magnitude analysis because the primary fresnel reflec- 
tion losses are small. 

The intensity of incident ambient radiation 

N = N__(T ) (19) o   Bo o 

The ambient radiation attenuation (Ref 5) 

\  = PI-S + TS (1 " PI-S)2pE-S    (20) 

where 

p   = reflectivity at normal incidence at the explosive- 
sapphire interface. 

The explosive reflectivity at normal incidence at an explosive-air 
interface 

0E-I 
= X - EE (21) 

assuming that the emitting surface of the explosive is opaque.  It is 
assumed that p„ T * Pg_s *

n tne absence of any information on the 
value of n„ in the 1.Ö-5.5 micron region. L 

The non-attenuated sapphire radiation intensity 

NS *  ESNBB(V (22) 

is small because the sapphire em'ssivity is small and T_ is less 
than T (Ref 8). Therefore the sapphire contribution to the total 
radiation intensity has been neglected. 
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Substituting equation 15 into equation 14 the total radiation 
collected by the detector is given by 

NT = V~E NBB(V + Vo (23) 

The radiance measured by the microscope is 

N = N - N . (24) 
T    O 

Substituting N from equation 23 into equation 24 and solving 
for the radiance of a black body at the temperature of the explosive 
surface N (T ) gives 

N - (n -1) N 

~vf—° * VTE> <25) 

The temperature of the explosive surface is then determined from the 
IR microscope calibration of black body radiance as a function of 
temperature. 

RESULTS 

An example of the experimental data obtained is shown in Figure 
5. A .377 inch diameter spherical surface of Comp B is loaded against 
the sapphire disc with a normal force of 7.9 newtons which corresponds 
to a weight of 500 grams on the pan. The shaft is rotated at an 
angular velocity of 2048 RPM.  Using equation 6 the sliding speed at 
the contact area is about 2 meters/second since the radius of rotation 
is .01 M. The upper curve is the torque as a function of time. The 
larger peak at the beginning is the starting torque of the instrument. 
The lower curve is the radiance as a function of time. When the shaft 
stops rotating the torque decreases to the initial level and the ex- 
plosive cools to ambient temperature. 

At one minute the running torque is .5 volts which corresponds 
to a torque of 5-ounce-inches or .035 newton-meters; using equation 7 

the coefficient of friction is .4. Using equation 5 the frictional 
heat input to the contact area is 7.4 J/s. At one minute the radiance 
is .08 volts which corresponds to a radiance of 12.4 milliwatts/cm - 
steradian or a temperature of 80°C, the melting point of Comp B. The 
temperature rise produced by the frictional heat input is 57.5°C since 
ambient temperature was 22.5°C. The measured radiance is converted to 
a temperature using equation 25, the values of emissivity measured 
with IR microscope (see Table 1), and the IR microscope calibration. 
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The change of state of Comp B from solid >o liquid has been 
observed at a normal force of 7.9 newtons whan the sliding speed was 
increased. Curves of radiance and torque versus time for a .377 inch 
diameter spherical surface of Comp B sliding on sapphire at angular 
velocities of 664 RPM and 2019 RMP are shown in Figure 6. After two 
minutes of sliding at the initial speed of .7 M/s, the Comp B has been 
heated to a temperature of 60ÖC. The temperature rise produced by the 
frictional heat input is 37.5°C. The torque is 8.5 ounce-inches (.06 
newton-meters) which corresponds to a coefficient of friction of .8. 
The frictional heat input is 4.2 joules per second. 

At 2.2 minutes the angular velocity is increased to 2019 RPM, a 
sliding speed of 2 M/s. The torque drops to 4.5 ounce-inches (.03 
newton-meters) which corresponds to a coefficient of friction of .4, 
but the frictional heat input to the contact area increases to 6.7 
J/s. The ratio of the sliding speeds increases more than the ratio 
of the coefficients of friction decreases. Therefore the temperature 
rises to 82°C. The torque dropped because the Comp B melted and 
lubricated the Interface. Thus the accuracy of the IR temperature 
measurement is demonstrated. 

Temperature rise is plotted as a function of the product of 
friction coefficient and normal force for Comp B sliding on sapphire 
at various conditions of load and speed in Figure 7. The lower line 
represents a sliding speed of .7 M/s. The upper line represents a 
sliding speed of 2 M/s. Therefore temperature rise increases with 
sliding speed for Comp B. 

Temperature rise is plotted as a function of the product of 
friction coefficient and sliding speed for Comp B sliding on sapphire 
at various conditions of load and speed in Figure 8. The upper line 
represents a normal force of approximately 8 newtons. The lower line 
represents a normal force of approximately 2 newtons. Therefore 
temperature rise increases with normal force. 

Temperature rise is plotted as a function of the frictional heat 
inpuc for Comp B sliding on sapphire at various conditions of load and 
speed in Figure 9. The temperature rise increases linearly with the 
frictional heat input. The slope of the line obtained from a least 
square fit of the data is 8.03 with a coefficient of determination of 
.94. 

DISCUSSION 

Deformation theory has been used to calculate the elastic and 
plastic contact radii of the .377 inch diameter Comp B on the sapphire 
disc as a function of load. Values of Young's modulus and Poisson's 
ratio used to calculate the elastic contact radius are given in Table 
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2. A value of hardness for Comp B was estimated using the approxi- 
mation (Ref 9) that the hardness is about three times the uniaxial 
stress to produce plastic yielding. Since Comp B is not an ideal 
elastic-plastic material the value of compressive rupture stress has 
been used in the above approximation. Values of hardness of sapphire 
and compressive rupture stress for Comp B used to determine the plas- 
tic contact radius are given in Table 2. The apparent optical contact 
radius measured with the IR microscope is compared with the calculated 
values of the elastic and plastic contact radii as a function of load 
in Table 3. The apparent contact radius, the elastic contact radius 
and the plastic contact radius increase with load. The apparent op- 
tical contact radius is larger than the elastic or plastic contact 
radii at all except the largest load because the real area of contact 
is independent of the apparent area of contact (Ref 10). The stress 
(load/apparent area) at the contact area is the same order of magnitude 
as the compressive rupture stress of Comp B. Therefore it appears that 
the deformation is plastic, particularly at the loads applied during 
the friction experiments. 

Archard's theory of the surface temperature of rubbing surfaces 
has been used to calculate i'.he temperature of the Comp B - sapphire 
interface from the contact area, frictional heat input to the inter- 
face, the thermal conductivity of Comp B and sapphire, and the density 
and specific heat of sapphire. Values of thermal conductivity, den- 
sity and specific heat for Comp B and sapphire are given in Table 2. 
The experimental temperature vise is plotted versus theoretical tem- 
perature rise for Comp B in elastic contact with sapphire in Figure 
10. The solid line indicates a condition of perfect correlation. 
The theoretical temperatures are consistently larger than the experi- 
mental temperatures. Lack of correlation also indicates that the 
deformation is not elastic. 

The experimental temperature rise is plotted versus theoretical 
temperature rise for Comp B in plastic contact with sapphire in 
Figure 11. Improved correlation is -»btained because plastic defor- 
mation occurs. The experimental temperature rise is plotted versus 
theoretical temperature rise calculated using the apparent optical 
contact area for Comp B on sapphire in Figure 12. At the large loads 
applied in the friction experiments the real contact area is approach- 
ing the apparent optical contact area. Therefore improved correlation 
is also obtained when the apparent optical contact area is used to 
calculate the theoretical temperature rise. 

The relationship between interfacial temperature rise due to 
frictional stress and time to explosion will provide a basis for a 
tri-service friction sensitivity test. This relationship can be 
obtained as follows. The relationship between temperature rise and 
friction heat input to the contact area can be obtained with the 
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instrument and technique described herein. The relationship between 
time to explosion and frictional heat input can be obtained with the 
instrument described herein or any instrument which measures the 
friction coefficient, sliding speed and load of a contact such as 
the PA rotary friction tester. Both relationships combine to provide 

the required relationship between time to explosion and temperature 
rise at the contact. 
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Symbol 

c 

Y 

g 

K 

P 

Q 

y 

d 

R 

V 

V 

r 

w 

0 

L 

N 

NOMENCLATURE 

Definition Units 
o 

area of contact 

radius of circular area of contact A 

specific heat 

Young's modulus 

2 
acceleration due to gravity, 9.80 M/s 

thermal conductivity 

hardness 

rate of heat supply from area A per second 

coefficient of friction 

density 

undeformed radius of curvature of explosive 

angular velocity 

sliding speed 

radius of contact from center of disc 

normal force at contact 

temperature rise of the contact above 
ambient temperature 

Poisson's ratio 

Peclet number 

M 

J/Kg-°C 

N/M2 

M/s2 

J/s-M-°C 

N/M2 

J/s 

dlmensionless 

Kg/M3 

M 

RPM 

M/s 

M 

N 

°C 

dimensionleas 

radiance measured by IR microscope 
detector 

dlmensionless 

-2 
watts cm 
steradian 

-2 

-1 

total radiation Intensity measured at some  watts cm 
location in the contact steradian 

-1 
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N     non-attenuated air interface radiation 

N     non-attenuated ambient radiation intensity 

N„    non-attenuated explosive radiation 
intensity 

N„„    radiation intensity from a black body 
source 

N„    non-attenuated sapphire radiation intensity 

T temperature 

3 absorption coefficient of a material 

x thickness of a material 

n attenuation factor for radiation from air 
interface 

n attenuation factor for ambient radiation 
o 

nF attenuation factor for explosive radiation 

De attenuation factor for sapphire radiation 

p reflectivity 

T transmissivity 

e emissivity 

n refractive index 

Subscripts 

m mean 

e elastic 

p plastic 

o ambient temperature 

-2 
watts cm 
steradian 

-2 
watts cm 
steradian 

-1 

watts cm 
steradian 

-2 
-1 

-1 

watts cm 
steradian 

watts cm 
steradian 

°C 

-1 
mm 

mm 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

dimensionless 
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E explosive 

S sapphire 

BB blackbody 

I air 

T total 

Units 

M meter 

N newton 

J joule 

Kg kilogram 

s second 

RPM revolutions per minute 

mm millimeters 

m minute 
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TABLE 1 

Emissivity of Comp B 

Temperature 
rc) Cast 

38 .96 

50 .98 

65 .99 

Pressed Powder 

.92 

.95 

.98 
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Table 2 

Physical properties of Comp B and sapphire 

Material 

Young's Modulus  „ 
(1010 Newton/Meter ) 

.76 15 36.5 14 

Poisson's Ratio .3 15 .25 13 

Thermal Conductivity 
(Joules/Second-Meter- °C) 

.262 11 41.8 14 

Specific Heat 
(102 Joules/Kilogram- °C) 

12 .6 12 4.18 14 

Density         , 1 .65 12 3.98 14 
(10J Kilogram/MeterJ) 

Hardness 
(lOiO Newton/Meter )      -        _ 19 

Compressive Rupture 
Stress (107 Newton/Meter2) i,; 
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Table 3 

Apparent, elastic and plastic contact radii for comp B on sapphire 

.377" diameter comp B surface 

Mass Load Apparent a 

(Kti) (N) (10~5 M) 

.000 .5 11.7 

.010 .7 13.2 

.050 1.2 17.5 

.100 2.0 18.8 

.500 7.9 27.4 

1.000 15.2 34.0 

Elastic a Plastic a 

(io~5 M) go"5 M) 

6.1 6-7 

6.6 -6 

8.2 10*4 

9.5 

15.1 

13.2 

26.2 

18.8 36.5 
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EYEPIECE 

SLIDING CONTACT FRICTION DEVICE 

VARIABLE SPEED 

SYNCHRONOUS 

MOTOR 

Fig 1 Sliding contact friction device 
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Fig 3 Archard model for temperature of rubbing surfaces 
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ABSTRACT 

Some general considerations on the problem of evaluating the 
safety of an explosive lead to the reasons why the much-criticized 
drop-weight impact machine remains an important tool in most explosives 
research and development laboratories. Problems related to the design, 
calibration, and use of such machines, and certain misconceptions con- 
cerning the interpretation of the test data, are discussed. The re- 
sults of an unsuccessful attempt to construct a more comprehensive 
hazards scale also are described. 
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Any laboratory engaged in the development of explosives for 
military applications must devote some fraction of its efforts to 
the problem of devising reliable methods of assessing the sensitiv- 
ity of an explosive under the various conditions of interest. Not 
only is it of local importance that those working with a new or 
modified explosive should have some method of gauging the relative 
degree of hazard involved, but further, in recommending any new 
material for use in a particular application, it is absolutely 
essential that it have been demonstrated as clearly a& possible that 
the new material has a level of sensitivity compatible with that 
application, and with the production and loading techniques inci- 
dental to getting it into the weapon. 

Unfortunately, the problem of measuring the sensitivity of an 
explosive is an exceedingly complex one.  The reasons for its com- 
plexity can be stated in various ways, but fundamentally the situa- 
tion seems to be as follows: The sensitivity of an explosive is not 
a property defined sclely by the chemical composition of the mate- 
rial, but, on the contrary, depends more or less importantly on a 
variety of physical and mechanical details of the particular sample 
being studied, and of the particular sensitivity test being used. 
To anyone attempting to measure the sensitivity of an explosive, or 
attempting to determine the relative sensitivities of a series of 
explosives, the most annoying consequences of this state of affairs 
are, first, that many sensitivity test exhibit nontrivial irrepro- 
ducibilities, and second, that different sensitivity tests will not, 
in general, arrange a given series of explosives in the same order 
of sensitiveness. 

Explosives chemists struggled with these difficulties for many 
years before the elemental nature of their origin became generally 
recognized. As a result, considerable effort was devoted to the 
search for the sensitivity test, which would reproducibly place all 
explosives in their correct order of sensitiveness.  This search we 
now recognize as hopeless, although the work was not without profit 
and, indeed, continues today, but with somewhat altered objectives. 
In any event, we now realize that when we speak of the sensitivity 
of an explosive, we are not talking about a single, well-defined 
property of the material, but about a complex pattern of its behavior. 
The last statement of the preceding paragraph implies that the sensi- 
tivity pattern of one explosive is not simply related to that of 
another. 
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Thus far we have discussed the problem mainly from the point of 
view of trying to measure sensitivity, but the same difficulties en- 
countered there plague us from yet another, equally important direc- 
tion, as follows: A primary objective of most practical work on 
sensitivity (and the ultimate justification for almost all work on 
sensitivity) is that of avoiding accidental explosions in the produc- 
tion, loading, and use of explosives.  In a few cases, such as 
initiation by a static discharge, the nature of the hazard and the 
conditions under which it is likely to arise can be specified in 
sufficient detail that pertinent tests can be devised, and safe/un- 
safe criteria can be adopted on some basis or other. Unfortunately, 
after these relatively simple cases have been subtracted from the 
problem, we are still left with the bulk of it — the miscellany of 
blows, scrapings, crushings, etc, to which an explosive is subjected, 
deliberately and accidentally, singly and in combination, in the 
course of its travels through the various operations. We include 
perforce in this class those causes of accidents that are inherently 
isolable, but whose importance is not foreseen. The stimuli that 
contribute to this source of hazard are so varied in nature and so 
unpredictable in violence (particularly under those circumstances 
that are truly called "accidents"), and, finally, are applied to the 
explosive under such a wide variety of local cnditions, that we 
cannot even define what it is we are trying to measure except in the 
broadest terms. Quite aside from the much debated statistical aspects 
of the problem, the sensitivity scale of interest here is one that 
represents some kind of a weighted average response of the explosive 
to a variety of stimuli, under a variety of conditions. The rele- 
vance of the difficulties, irreproducibility of response and noncon- 
stancy of order, to the problem of defining the scale are obvious. 

In one sense we have a method of ordering explosives on this 
sensitivity scale, for it is precisely this which an impact machine, 
properly designed, calibrated, and used, is intended to accomplish. 
The test has the further virtue that it can be carried out quickly 
by untrained personnel with only a few grams of sample.  Thus while 
the test is the .subject of widespread criticism, sometimes even for 
the right reasons, it continues to occupy a unique and essential 
place in most explosives research and development laboratories. 

The key phrase in the preceding paragraph is "properly designed, 
calibrated, and used". The implications of those words seem to have 
escaped many people, and much of what follows will be devoted to a 
discussion of them. 
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First of all, what's so hard about designing an impact machine? 
Nothing! Anyone can, and many people have.  The trouble is, when the 
machine is put into use, the results it produces are quite likely to be 
sheer nonsense.  Having constructed this monster, however, the designer 
may continue to use it even though he knows it is producing unbeliev- 
able data. He uses it, he swears at it, and therein lies the cause of 
one of the unjustified criticisms of drop-weight impact machines. 

The source of the problem is not hard to find, and it can be stated 
very simply: The sensitivity ordering of a series of explosives can be 
affected drastically by minor changes in the design of the critical 
parts of the machine.  I once had the dubious distinction of designing 
a machine - a minor modification of the one we still use - that nearly 
inverted the commonly accepted order of sensitivity of a series of test 
explosives. 

Let us look at a few other examples.  In Figure 1 I have plotted 
Figure of Insensitiveness data obtained with the ARD/Woolwich machine 
(picric acid = 100) vs the corresponding 50% points determined on the 
ERL Type 12 machine at Bruceton,  The two sets of data were obtained on 
supposedly identical samples. The eye tells it all, but for those who 

2 
like numbers the value of r (r = coefficient of correlation) for this 
plot is 0.19. 

Figure 2 is another example; data obtained from what was then the 
Naval Powder Factory at Indian Head are plotted against the ERL Type 12 

data.  The value of r in this case is 0.12. 

But, you say, the trouble might be in the ERL machine. What hap- 
pens if we plot the ARD data against the NPF data? The answer to that, 
of course, is shown in Figure 3.  I must admit that this does look a 

2 
little better, and the r value is 0.43 - which still leaves much to be 
desired, especially in view of the fact that the critical parts of 
these two machines do have certain similarities. 

Similar examples are the rule rather than the exception.  During 
World War II, at the Explosives Research Laboratory at Bruceton, PA, 
Eyster and Davis discarded eleven different tool designs before they 
finally came up with the model many of us now use, the ERL Type 12 
machine.  As an example of the difficulties they encountered along the 
way, the Type 9 tools gave a 50% point of 131 cm for Comp A-3 and 143 
cm for lead azide.  I believe the NPF machine also gives a relatively 
high value for lead azide. 
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How, then, do we know when we have the right machine? Or, to put 
it another way, how do we calibrate the scale? I know of only one way. 
That is to test a series of explosives whose relative sensitivities 
(safety) we think we know and see if t! e design puts them in what we 
believe should be their approximate relative positions on the scale. 
If it does not, we discard the design ani try again.  If it does, we 
accept the design and proceed on faith that, having ordered the ones we 
know about in the "right" way, it will also order the ones we don't 
know about in the right way.  That represents an important extrapola- 
tion, and one must ever be alert f&r the possible exception - a point I 
will return to later. Note, however, that if we use a machine that 
does not put the familiar explosives in the right order, we cannot have 
much confidence in its evaluation of new ones. 

At this point I would like to digress a little to comment on the 
significance of the disagreements between machines, nf differing designs. 

IMPACT MACHINES DON'T LIE!!! 

What I mean by that is simply this: For the particular stimulus ap- 
plied by a given machine, that machine will place all explosives in 
their correct order of sensitiveness! The trouble is, that stimulus may 
be almost totally irrelevant to the problem of evaluating the safety of 
an explosive. A corollary of this is that one cannot rely on any single 
test or even en the results of a single drop-weight imp.TcL Lest.  At 
LASL we routinely run the test both with and without grit present - 
what we call the Type 12 and Type 12B tests, respectively. 

We have now considered "designed" and "calibrated", and I now want 
to discuss "used".  I will confine my remar'-.s to just one part of the 
problem, a part that has been the subject of a great deal of confusion. 
The confusion typically arises in the form of the following statement: 
The trouble with impact machines is that we use them to determine 50% 
points or 10% points, whereas what we are really interested in are the 
very low percentage points - one in a million, say.  The situation is 
illustrated in Figur^. 4 for a normal distribution of mean (u) zero and 
standard deviation (a) one. Probabilities are given on the ordinate, o 
units on the abscissa. The circles denote u and p + a, the + the 10% 
point determined by one of the commonly used staircase methods - the 
approximate lower end of the experimentally useful range. The bracket 
marks off the "accident" region on the probability scale - some four to 
five o units from the mean. Obviously, then, if our machine is useJ to 
determine 50% points, what we should do is extrapolate the results to 
-5 o  and compare the relative sensitivities of our explosives at that 
point. 
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WRONG!! 

AN INTEGRAL PART OF THE DESIGN AND CALIBRATION OF ANY 
IMPACT MACHINE IS THE STATISTIC DETERMINED AND THE PROCEDURE 
USED TO DETERMINE IT. 

I will illustrate what I mean using some Type 12 data obtained for 
me at NOL while I was working there some years ago. 

As most of you know, we use the Bruceton up-and-down method to 
estimate the 50% point and the standard deviation on the assumption 
that the underlying distribution is log-normal; it is one of the few 
staircase methods that gives an estimate of a, perhaps the only one. 
Thus the machine is calibrated and used, and explosives are compared, 
in terms of 50% points. What happens if we try to use our results to 
compare explosives at very ^ow percentage points? 

The data I will use consist of 1000-shot runs on six different ex- 
plosives, generated to study various statistical aspects of the test. 
The estimates of the 50% points and standard deviations are as follows: 

h (cm) s(log units) 

PETN 12.4 0.1343 
RDX 23.9 0.1123 
Comp B 60.4 0.1306 
Comp B, D-2 110.8 0.1324 
HBX 95.7 0.1894 
Comp A- 3 58.8 0.0870 

In Figure 5 I have plotted the log of the drop height against log 
h  - xs. What we find is that the lines cross.  The ordering (de- 
creasing sensitivity) at the 50% point is 

TETN > RDX > (Comp A-3, Comp B) > (HBX, Comp B, D-2). 

Tor I' = 10~6 wo get 

PETN > RDX > HBX > Comp B > (Comp A-3, Comp B, D-2). 

I remind you that these are large runs on reasonably familiar materials. 
The situation can only get worse as I add the results of routine tests 
on experimental materials to the graph. 
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Let me put it another way. There are two possibilities: 

a) The a's are really all the same, in which case it doesn't 
matter at what percentage point I compare explosives, since 
the lines are parallel. 

b) The a's are not all the same, in which case if I have de- 
signed a machine to give the correct scale when it is used to 
determine 50% points, it must give an incorrect scale when 
operated at some other percentage point. 

That is very fortunate, of course, since the 50% point is the one 
that's easiest to determine. Note also that estimates of a are quite 
imprecise under the usual test conditions. 

While we have a reasonable amount of confidence in the Type 12 
machine, we are also certain that it may seriously misjudge some mate- 
rials.  It is for that reason that we routinely run both 12 and 12B 
tests on new materials. We are especially wary of explosives that 
appear moderately sensitive in the Typr: 12 test and even more sensitive 
in the Type 12B test; most explosives give the higher 50% points in the 
Type 12B machine. 

Enough about impact machines! 1 would now like to discuss, very 
briefly, a different aspect of hazards analysis. 

In many sensitivity tests (and in many situations of practical 
interest), the response of an explosive ranges more or less continuous- 
ly over the scale completely inert, small partial, large partial, high- 
order detonation.  In some tests, such as the drop-weight impact 
machine, the sensitivity of an explosive is determined on the basis of 
the ease with which a relatively mild, incomplete reaction of the 
sample is obtained.  In other tests, such as the gap test the com- 
parison is made on the basis of the ease with which high-order detona- 
tions are obtained. With still other tests, such as the bullet impact 
test, it is sometimes possible to compare the sensitivities of various 
explDsives in two ways — ease of initiation to an observable reaction 
of any sort, and ease of initiation to a relatively violent reaction. 

Both levels of response are of importance in evaluating the haz- 
ards involved in handling an explosive, for a relatively mild partial 
explosion can be a source of personal injury in itself, and also may, 
under favorable conditions (such as a high degree of local confinement), 
grow into a violent reaction or even a high-order detonation. Acci- 

dental high-order detonations, obviously, are hazardous in the extreme. 
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This suggests that in evaluating the safety of an explosive we must con- 
sider both its "ease of initiation" and its "ease of detonation". 
Qualitatively, an explosive may exhibit these properties, in combina- 
tion, in the following four ways, listed in order of decreasing hazard: 

a) Easy to initiate and easy to detonate. 
b) Difficult to initiate, but easy to detonate. 
c) Easy to initiate, but difficult to detonate. 
d) Difficult to initiate and difficult to detonate. 

We could, therefore, attempt to place an explosive in one of these 
classes on the basis of the results of our tests. 

At first sight it might appear that combination b) should be ex- 
cluded from consideration on the grounds that it is not a self- 
consistent classification. However, if we do attempt to omit it, we 
soon find ourselves in difficulty, as we will demonstrate by an example. 
The ease of initiation of TNT, as determined by our drop-weight test, 
is largely independent of the physical form of the sample.  On the 
other hand, its ease of detonation, as determined by the LASL gap test, 
is strongly dependent on both the density of the charge and on whether 
it was made by casting or pressing. This is evident from the following 
data: 

50% Gap, mm (density, g/cm ) 
High Density      Bulk Density 

flake TNT 37.1 (0.87) 
Cast TNT      28.3 (1.615) 
Granular TNT   49.4 (1.626)      60.1 (0.73) 

Certainly TNT deserves to be classed as difficult to initiate, and cast 
TNT as difficult to detonate, but where do we put pressed (granular) TNT? 

Simply admitting b) as a possible combination to be used in our 
classification scheme does not, of course, solve the problem.  So long 
as we are comparing only two explosives, the idea of doing so on the 
basis of their relative ease of initiation and relative ease of detona- 
tion seems to be a useful one, but when we attempt to expand the com- 
parison to include more and more explosives, we soon run into trouble. 
The difficulty is that the scales for ease of Initiation and ease of 
detonation are continuous scales, and the possible combinations cannot 
be adequately represented, even in a qualitative way, by as few as four 
subclasses. The logical extension, then, is to look for a continuous 
scale that will represent a suitably weighted combination of these two 
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properties (assuming we have some way of determining them in the first 
place). 

A crude attempt at constructing such a scale is shown in Fig. 6, 
which is in the form of a nomograph . For ease of initiation I have 
simply used the log of the 50% point, in centimeters, from the drop- 
weight impact machine. For ease of detonation I have used the log of 
the weight of 80/20 - PETN/silicone rubber required to detonate the ex- 
plosive in our version of the minimum priming charge test; the test 
measures the ease of initiating a detonation from a highly divergent, 
hemispherical wave. Here we see a striking example of how different 
sensitivity tests produce different sensitivity orderings. 

The question is, Can we construct a scale somewhere between the 
two outer ones that would provide us with some "index of potential 
destructiveness"? If, for example, we construct the scale at the point 
marked by the arrow, using the scale at the right, we obtain the follow- 
ing indexes: 

9404 45 
Pentolite 68 
Comp A-3 95 
Octol 128 
Cyclotol 185 
Comp B 243 
DATB 560 
TNT 1170 
Exp D 1500 

Is this a useful scale? I don't know.  In a sense the impact 
machine is supposed to do this whole job for us - but the impact 
machine does not respond to the physical form of the explosive, and we 
know that, in shock-sensitivity tests, pressed explosives are much more 
easily detonated than cast ones are. To me that means that a pressed 
cyclotol charge is potentially much more hazardous than a cast one, and 
the combined scale will reflect that fact.  Nonetheless, my personal 
opinion is that we cannot express the safety of an explosive by a 

An earlier version of this scale appears in a paper by A. Popolato, 
Proceedings of the International Conference on Sensitivity and Hazards 
of Explosives, Session 6; London, 1963. This paper also contains 
descriptions of the LASL versions of the drop-weight impact and gap 
tests. 
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Single number, so I do not suggest this as a major breakthrough in the 

solution of the problem. 

What, then, is our situation? To do an adequate job of determin- 
ing the safety of an explosive, we must compare it with familiar mate- 
rials in a variety of relevant, properly designed sensitivity tests. 
Inevitably, those tests will produce inconsistent data. There is no 
magic formula for resolving those inconsistencies. The final decision 
must still represent the subjective judgement of an experienced indivi- 
dual who carefully examines the data. I see no prospect that this situ- 
ation will change fundamentally in the foreseeable future. 
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A CRITIQUE FOR DROP WEIGHT IMPACT TESTING 

ABSTRACT 
Studies are presented that provide useful insight on the mechanics of 
impacts and that demonstrate the variations in stimuli that a test 
sample is subjected to depending on the tool as well as sample parame- 
ters; the effect of a mass mismatch between the drop and intermediate 
weights is shown to cause oscillatory inputs to the sample. The effects 
of tool mass on energy transfer are also discussed. 

A proposal for a method of test that has been submitted to the E-27 
committee of the ASTM for approval 1s briefly outlined; some test para- 
meters and test conditions are standardized without a rigid overall 
standardization of the apparatus, and an overcomplication of test proce- 
dures through instrumentation is avoided. 

Finally, a simple normalization method is given: (M/A) H50 = constant 
(for a given test material), where M is the mass of the drop weight, A 
is the area of the tool striking surface, and H50 is a drop height 
corresponding to the 50-pct probability of a reaction. Data are pre- 
sented that substantiate the normalizing method. 

INTRODUCTION 
For many years, the drop weight impact tester has been a standard tool 
for determining the sensitivity of hazardous materials. Besides having 
advantages of simplicity and ease of operation, it utilizes a very small 
sample size and consequently requires minimal protection against an 
unwanted explosion. A well-constructed instrument is very useful in 
providing an index of sensitivity for a variety of materials, but the 
agreement between the results from different testers in terms of drop 
height, impact energy, or some other basis has never been satisfactory. 
This lack of agreemGnt stems primarily from the inability to quantify 
the stimulus that test samples actually see, the response of the test 
sample to a given level of stimulus, and inadequate control over the 
physical characteristics of the test sample which are important in 
determining its sensitivity to drop weight Impact. 

An interesting approach for better defining the stimulus applied to the 
test sample using force gage instrumentation was developed by Smith and 
Richardson.1 This technique was applied at the Bureau and led to basic 
improvements in the Bureau's drop weight tester.2 This, coupled with 
improved control over the test specimen, has led to recommendations for 
a standard method for drop weight impact testing that is under consider- 
ation for adoption by the ASTM. 
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MECHANICS OF IMPACTS 
In brief, impact apparatus (figure 1) usually consists of a sample 
holder (anvil) mounted on a massive steel plate and concrete foundation. 
Extending upward is a guide system to guide the weight in its fall; this 
may be rails (illustrated), wires, a shaft, etc. Some means, such as an 
electromagnetic lift and winch, are provided to raise the drop weight to 
a desired height level. The drop weight does not generally strike the 
test sample directly; rather, it strikes an intermediate stationary 
weight that is steadied in a bushing and is in contact with the test 
sample. Depending on its mass relative to that of the drop weight (n^), 
the intermediate weight (m2) can have a marked effect on the nature of 
the force applied to the test sample.2 This is illustrated in figure 2, 
which shows oscillogram traces of force-time (F-t) profiles for differ- 
ent mass ratios of intermediate to drop weight mass obtained with the 
aid of a piezoelectric transducer attached to the sample holder. In 
each case three repetitive drops from the same height were made to 
observe reproducibility. Figures 2a and 2b show F-t profiles for tools 
having essentially the same mass ratio {ml -  5.0 kg; m? = 0.73 kg) with 
the exception that the stationary weight used for figure 2a utilized an 
expendable striking pin that was not rigidly attached, causing similar, 
but. not exactly reproducible, F-t profiles. For figure 2b the striking 
pin was rigidly attached to the intermediate weight, and better repro- 
ducibility was obtained. However, the important point to be made here 
is that the F-t profiles are oscillatory in nature--a result of the fact 
that in the initial contact, the drop weight did not transfer all of its 
kinetic energy to the intermediate weight and hence did completely 
decouple from the intermediate weight, retaining sufficient energy for 
further interactions. Thus, figures 2a and 2b show an initial force 
peak of about 4.4 x 10UN (10'( lb F) occurring at about 100 ysec, fol- 
lowed by a second, more dominant peak at 250 ysec, followed by two 
additional lesser force peaks. An undesirable feature of oscillatory 
input is that the test sample may be subjected to one or more compres- 
sion cycles and possibly sensitized or desensitized before finally 
reacting. This makes if extremely difficult to interpret the impact 
tost results in terms more fundamental than the drop height of a given 
weight. 

In figure ?c, where R = 0.38 {mx -  5.0 kg; m2 = 1.92 kg), the first 
force peak is now dominant but significant energy is still delivered on 
the second and third oscillation of m2. Lastly, in figure 2d, where R = 
0.77 (mj = 2.5 kg; m, = 1.92 kg), essentially all the energy was deliv- 
ered in a single force pulse. The energy transferred to m2 can be 
determined with the aid of the equation* 

2     2 
4m, nugh(e) 

KE --   V—-T7  ,      (1) 
\m]  + m2) 
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where KE2 is the kinetic energy of m, after its initial interaction v;ith 
the drop weight (mj), h is the drop height, and e is the coefficient of 
restitution—a measure of the inelasticity of the impact having a range 
of values from zero (perfectly inelastic) to unity (perfectly elastic). 
Assuming e = 1, the equation reduces to the simpler and familiar form 
E = mjgh when mx =  m2. Figure 3 is a plot of KE2/m1gh as a function of 
mass ratio for e = 1 and shows that energy transfer efficiency is maxi- 
mized when the masses of the two tools are the same. For the impact in 
figure 2d the energy transfer efficiency was about 95%, assuming e = 1. 
In practice, e is somewhat less than 1; however, the energy transfer 
efficiency is still highest when the tool masses are matched. 

It is interesting to note that the compression-relaxation cycle does 
exhibit properties of a harmonic oscillator. For example, for a simple 
harmonic oscillator, the time of oscillation depends only on the mass 
and the elastic constant ("spring" constant) and not upon the displace- 
ment. For our purposes the time to maximum force (t) would have the 
form 

#"• (2) 

where k is the combined elastic constant for the metal parts and test 
sample. 

The maximum force equation has the form 

r 
F ="^2k(KE2) 

(3) 

where all quantities have been previously identified. Both equations 
were derived by considering the problem of a mass subject to a linear 
restoring force, F = -kx. 

Elastic behavior is demonstrated with the aid of F-t profiles shown in 
figure 4. In 4a, the sample thickness (T) was constant and the drop 
height (h) was varied from 25 to 50 cm; note that the time to maximum 
force (about 100 usec) is independent of h and that only the maximum 
force increases. In 4b, h was constant and T was increased by a factor 
of 2 in two steps. An increase in T reduces the value of the elastic 
constant k. As predicted by equations (2) and (3), the effect is to 
decrease the maximum force and increase the time to maximum force as T 
is increased. Lastly, the effect of increasing the mass may be observed 
by referring back to figure 2. In 2c and 2d the tool mass (m2) was 1.92 
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kg as opposed to 0.77 kg for 2a and 2b, and both the time to maximum force 
and the maximum force itself are predictably greater in 2c and 2d. 
Thus, the stimuli that the test sample is subjected to can be understood 
and controlled somewhat by considering the mechanics of impacting bod- 
ies. 

STANDARDIZATION PROCEDURES 
A tentative standard entitled "Tentative Method of Test for Drop Weight 
Impact Sensitivity of Solid Phase Hazardous Materials" has been prepared 
by ASTM Subcommittee E-27.03 on Condensed Phase Reactions and is cur- 
rently being considered for adoption by the ASTM. The proposed method 
is not viewed as one that will heal all the ills in drop weight impact 
testing; it is one that is expected to significantly update and improve 
drop weight testing procedures. 

In brief, the method incorporates the well-known Bruceton up-and-down 
method of test3'4 for determining the drop height corresponding to the 
50-pct probability of initiation (H50). Some test parameters and test 
conditions are either standardized or restricted without a rigid overall 
standardization of the apparatus so that HCQ values for a given material 
obtained from different apparatus that utilize the same mass and strik- 
ing area (or diameter) tools will be in reasonable agreement. For cases 
where the tool mass and/or tool striking area are not the same, a simple 
method for normalizing the data is given. A complication of test proce- 
dures through the use of instrumentation (force or pressure gages, 
reaction detection devices) is avoided in the interest of simplicity. 

Some of the more important requirements are 
1. The masses of the drop and intermediate weights should be 

equal to avoid osn'llatory-type inputs to the sample. 
2. The mass of the tools for testing most materials should be 

between 1.0 and 3.5 kg,and the tool striking surface (bottom face 
of the intermediate tool that is in contact with the sample) should 
have a diameter between 3/8 and 3/4 in. 

3. The hardness of all tooling surfaces involved in the 
impact should be in the range 55-59 on the Rockwell C scale so that 
the elastic constants of impact tools will be reasonably alike. 

4. The sample thickness, which is indirectly determined by 
using a constant sample volume per unit area spread uniformly over 
that area, must be the same in all tests. The suggested standard 
is 31.5 mmVcm2. This assures the same sample thickness no matter 
what the diameter of the striking surface is. The test sample 
diameter must, of course, be at least as large (it may be larger) 
as the striking surface diameter to achieve this. 

5. Detection criteria, though somewhat arbitrary, must be 
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established; the suggestions made in the proposal were based upon 
the use of the human senses, though the use of some sort of simple 
yes-no instrument is not ruled out. In addition it is believed 
important that the H50 result be accompanied by a qualifying state- 
ment; i.e., what kind of reaction it was, and whether o^ not it 
propagated throughout the sample. This may be important in extra- 
polating results to hazards--a most formidable task. 

6. Other test procedures relating to a measure of humidity 
control, sample preparation, treatment, etc., were also proposed. 

NORMALIZATION OF DATA 
If different agencies utilize tools having different mass and/or strik- 
ing areas, a simple technique for normalizing out the effects of mass 
and area has been found to bring the data into reasonable agreement 
provided that the standardization procedures are adhered to. The 
normalization equation has the following form: 

M j H,-n = constant » (4) 

where M and A are the respective mass and area of the tools, and H50 is 
the experimentally determined drop height corresponding to 50-pct proba- 
bility of initiation. While equation (4) was developed empirically, it 
implies that the drop weight energy required to initiate a unit area (or 
mass) of a given test sample is constant. 

Results of tests in which the tool mass and tool area were varied inde- 
pendently are presented in tables 1 and 2, respectively. In table 1, 
four test materials were impacted with matched tools (mi = m2) having 
masses of 2.5 and 0.96 kg. The tool area was constant (1.27 cm2), and 
the observed H50 values were normalized on the basis of equation (4); 
the results are expressed in terms of energy/unit area (joules/cm2). 
The results for PETN and succinic acid peroxide obtained with different 
mass tools may be seen to be an excellent agreement; the results for HMX 
and benzoyl peroxide are also in good agreement. 

In table 2, the tool mass (mt = m2 = 2.5 kg) was held constant, and the 
tool striking area was varied from 1.27 to 2.87 cm2 for HMX and benzoyl 
peroxide and from 0.71 to 2.87 cm2 for PETN. In this case, the H50 
values were again multiplied by M/A and results expressed in joules/cm2; 
the normalized results are in good to excellent agreement. 

Lastly, table 3 shows data for three test materials obtained in a round 
robin with two other agencies. Here various combinations of tool mass 
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and striking surface areas were used. The tool masses ranged from 1.0 
to 3.5 kg, and tool areas ranged from 0.79 to 1.27 cm2. In these tests, 
the participants abided by standardization procedures similar to those 
outlined earlier as far as tool mass ratio (R = 1), sample thickness, 
reaction detection criteria, etc., were concerned; the results are again 
expressed in terms of joules/cm2. The results obtained by Picatinny 
Arsenal, BuMines, and DuPont for PETN ranged from 5.5 to 7.0 j/cm2 and 
are in reasonable agreement. For HMX, the Picatinny and BuMines results 
were in excellent agreement (6.4 and 6.5 j/cm2); however, the DuPont 
result (10.8 j/cm2) is significantly higher. For pentolite, the Pica- 
tinny apparatus had a maximum drop height capability of only 100 cm, and 
their tests revealed less than 50 pet initiations at this height; hence 
their value of >12.4 j/cm2 is not necessarily in disagreement with the 
BuMines result of 18.9 j/cm2. DuPont did not complete the test on 
pentolite. 

Thus, while the data from the round robin are not in as good agreement 
as those obtained in the BuMines "in-house" tests (tables 1 and 2), they 
do appear to lend themselves to normalization by this method and show 
that different H50 values obtained through the use of different mass 
and/or striking area tools can be brought into reasonable agreement. 

SUMMARY AND CONCLUSIONS 
As applied to drop weight impact test apparatus, elementary concepts on 
the mechanics of impacts were presented to promute a better understand- 
ing of, and means for controlling, the stimulus applied to the sample. 
In particular it was shown that an oscillatory force pulse stimulus to 
the test sample and inefficient energy transfer result when the masses 
of the drop and intermediate weight are not equal. 

Standardization procedures that do not require instrumentation or a 
rigid overall standardization of apparatus were set forth. It was 
recommended that the masses of the drop and intermediate weight be 
equal; restrictions were placed on the tool mass and tool striking 
surface areas to insure reasonably similar Inputs to the test sample. 
In addition, other test procedures, including reaction detection criter- 
ia using the human senses, were briefly passed upon; they are described 
in greater detail in an ASTM proposal for a standardized test. 

A simple normalization procedure was introduced that accounts for dif- 
ferences in the mass (M) and area (A) of tools from various establish- 
ments; it has the form M/A H50 = constant. Data were presented from 
"in-house" experiments performed at BuMines as well as from a round 
robin with other agencies. While the results obtained in the round 
robin were not in as good agreement throughout as the "in-house" BuMines 
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data, they too appeared to lend themselves satisfactorily to the normali- 
zation procedure. 
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Table 1 

Results for varying tool masses 

Test specimen Tool mass 
(kg) 

^50 
(cm) 

Normalized results 
(M/A) (H50) 

(j/cm2) 

PETN (M-8342) 2.5 
0.96 

29 
74 

5.6 
5.5 

HMX (X-874) 2.5 
0.96 

24 
69 

4.6 
5.1 

Succinic acid 
peroxide 

2.5 
0.96 

34 
90 

6.6 
6.7 

Benzoyl 
peroxide 

2.5 
0.96 

18 
57 

3.5 
4.2 

Notes: Tool area - 1.27 cm2 

Confinement - none 
Sample size - 40 mm3 
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Table 2 

Results f0r varylng ^ striking ^ 

Test specimen Striking area 
(cm*) 

Notes: Tool mass - 2.5 kg 
Confinement - none 
Sample size - 40 mm3 

Normalized results 
(M/A) (H50) 
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Table 3 

Results from several agencies for several explosives 

Explosive Agency     Tool c< 
M(kg) 

jnfiguration 
A(cm2) 

Normalized results 
(M/A) (Hc0) 

(j/cm2) 

PETN Picatinny    1.0 
BuMines      2.0 
DuPont       3.5 

0.785 
1.24 
1.27 

5.5 
7.0 
5.6 

HMX Picatinny     1.0 
BuMines      2.0 
DuPont       3.5 

0.785 
1.24 
1.27 

6.4 
6.5 
10.8 

Pentolite Picatinny     1.0 
BuMines      2.0 
DuPont       3.5 

0.785 
1.24 
1.27 

>12.4 
18.9 

Notes: Sample size - equal thickness 
Confinement - none 
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ABSTRACT 

A small scale test has been developed to determine 
quantitatively the explosiveness of confined secondary HE charges, 
weighing 17g» thermally ignited under conditions of impact loading. 
Test conditions have been chosen to simulate those in the AVIRE 
Oblique Impact Test. 

The influence of confinement variables on the growth of 
reaction has been investigated and both the strength and the inertia 
of the confinement have been shown to be important parameters which 
determine the rate of product gas venting. 

Experiments to assess the relationship between explosiveness 
and charge size, shape and mechanical properties are described. 
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INTRODUCTION 

The Oblique Impact Test (l) is used at AWRE to assess the 
hazards of handling HE charges during processing and assembly, and 
also in a variety of other situations. In the test 14 in diameter, 
hemispherical billets of HE are struck obliquely onto hard gritted 
surfaces, with impact velocities up to 25 ft sec- . Sensitiveness 
is measured in terms of the minimum drop height for which explosive 
events are observed, and explosiveness is qualitatively assessed from 
the fraction of HE consumed in the event, and the damage to the 
surroundings.  Ignition in this test is due to frictional heating at 
the surface of the charge (2,3), and the dynamic strength and moduli 
of the billets have been shown to be important parameters. The 
factors which control the growth of reaction and which determine the 
explosiveness are not well understood. 

The Oblique Impact Test provides a realistic simulation of 
a handling accident, but has several disadvantages which include the 
high costs, limiting the number of charges tested, the qualitative 
assessment of explosiveness and the inconvenience which arises from 
the need to use remote test sites. 

The objectives of the work reported now were (a) to develop 
a quantitative laboratory scale explosiveness test, having none of 
the limitations of the large scale test, which would rank the 
explosiveness of HE compositions in the same way as the Oblique Impact 
test, and (b) to use the test to identify and study the physical 
conditions and HE properties, which limit the growth of reaction in 
Hl'i systems. A laboratory scale explosiveness test is described 
together with a scries of preliminary experiments to assess the contri- 
butions of confinement, charge sii,e and charge mechanical properties 
te p\elosivrnesE ->o • 

I'; Must be emphasised that a small scale test has value as 
an oeonomi'; explosiveness screening test for use by HE Pormulators, 
but cannot replace the Oblique Impact Test in characterisation 
prograr:ies.  Hazard assessment must ultimately be based on the 
response of compositions in tests designed to simulate a wide range 
of r>\'tl ac ider.t situations. 

THE JlT/KLOPHENT OF A LABORATORY SCALE EXPLOSIVENESS TEST 

Apparatus 

He charges wore confined in metal cups and impacted in a drop 
weight apparatus. 
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At a predetermined point in the leading cycle the charges were 
ignited by a hot wire in contact with the hare face of the charge. 
The impact conditions were chosen to simulate the Oblique Impact 
Test where pressures up to 0.2 GPa and impact times of 1.0 - 2.0 msec 
can occur depending on the drop height and the mechanical properties 
of the explosive. The violence of the explosive event was assessed 
from the output of strain gauges fitted to a load cell mounted beneath 
the explosive charge. 

The explosive charge assembly is shown schematically in 
figure 1. Explosive discs (H), weighing approximately 17g and 
measuring 28.6 man diameter x 14*3 mm thick, were assembled into metal 
cups (c), with the bare face of the charge protruding 1.5 mm. 
Different strengths and inertias of confinement were obtained by 
using steel or aluminium alloy for the cup material, and by varying 
the cup wall thickness. The heights of the cups and the thicknesses of 
the bases were kept constant at 31.8 mm and 19*0 mm respectively. 

The drop weight apparatus is shown schematically in figure 2. 
The explosive charge assembly (A) was impacted by a 22.7 kg drop 
weight (B), falling through 305 mm in a guide tube (c). A felt pulse 
shaper (D), 12.7 mm thick x 75 mm diameter, mounted on a tufnol 
(resin bonded fabric) load spreading plate (T) served to smooth the 
loading pulse by damping stress wave reverberations. A constantan 
resistance wire (P) 0.152 mm diameter x 38.1 mm long was positioned 
along a diameter between the bare face of the explosive charge and 
a tufnol spigot (G). The wire was heated for 80 usec during the 
loading cycle, by the rapid discharge of a 25 uF capacitor bank 
charged to 600V, achieving a wire temperature 700°C. A simple 
switch (H), activated by the falling weight, was used in conjunction 
with a 15V battery to provide a reference signal to trigger both the 
time base of an oscilloscope, recording the output from the load cell 
(E), and after a delay the hot wire power pack. A schematic diagram of 
a typical load/time record is shown in figure 3« The drop weight has 
made contact with the impact switch at point (a), and the load 
increases smoothly to (b) as the drop weight decelerates compressing 
the pulse shaper. Electrical pick-up at (b) from the discharge of the 
heater power pack serves to indicate the loading conditions at the time 
of ignition. The peak load impressed on the load cell by the reaction 
product gases is indicated at (c). The parameter (P - Fj) has been 
taken to be the measure of explosiveness, where P is the peak force 
impressed on the load cell, and Pi is the load on the explosive 
assembly at the time of ignition. At (d) the load/time record 
terminates in mechanical ringing. The curve indicated at (e) 
represents the load/time record in the absence of an explosive event. 
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A QUANTITATIVE DETERMINATION OF EXPLOSIVENESS USING 
LABORATORY SCALE HE CHARGES 

Four HE Compositions were selected for study. These were 
HW4 (HMX/Wax 95/5 w/°)i Octol-A (KMX/TNT/Wax 79/20/1 w/°). Octol-R 
(HM/RUX/TNT/Wax 75/4/20/I w/0) and PBX 9404 (HMX/NC/TCEP 94/3/3 

W/°) 
These were chosen since they were known to encompass the complete 
range of explosiveness, in the Oblique Impact Test, from small 
partial to high order explosions. 

Peak forces were determined for a range of cup wall thick- 
nesses when each of the compositions was confined in mild steel and 
in aluminium alloy cups, and ignited in the drop weight apparatus. 

The dependence of peak force on confinement wall thickness 
is shown for each of the compositions in figures 4» 5i 6 and 7» 
Peak force increased with increasing wall thickness and asymptotically 
approached a maximum value for each combination of explosive and cup 
material investigated. In addition, for a given size of confinement 
larger peak forces were recorded with steel than with aluminium 
alloy cups, for each explosive composition.  Explosiveness was 
measured quantitatively from the force/time record. The quantity of 
explosive reacted and the damage to the metal confinements which are 
qualitative measures of explosiveness, were in good agreement with 
the peak force measurements. In all of the HW4 experiments most of 
the HE was recovered unreacted and the metal cups were always 
recovered undamaged. With Octol-A the damage to the confinement and 
the quantity of HE reacted varied with wall thickness. Some 
unreacted explosive was always recovered, hut the fraction reacted 
increased with increasing wall thickness. Steel and aluminium cups 
with wall thicknesses not exceeding l8mm and 11mm respectively were 
undamaged, but significant deformation occurred for confinements with 
wall thicknesses exceeding these values. The quantity of Octol-R 
reacted showed a similar dependance on confinement to that observed 
for Octol-A, however damage to the confinement occurred in every 
experiment. Every metal cup in the PBX 9404 experiments was damaged 
and very little HE was recovered. In some cases complete reaction may 
have occurred. 

Ignition in all of the experiments occurred under conditions 
of transient loading which simulated the impact conditions in the 
Oblique Impact Test. For any given confinement, the experimental 
rosults in figures 4, 5, 6 ar:d 7 show that the ranking of explosive- 
ness for the compositions investigated was 

HU4 < Octol-A 4  Octol-R  « PBX 9404 
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and this ranking is also confirmed qualitatively by an assessment 

based on damage to the metal cups and the fraction of HE consumed in 
the reaction. Differences between compositions were least 
pronounced when the charges were confined in thin walled aluminium 
alloy vessels, and most pronounced for thick walled steel confinements. 
The explosiveness values determined for HW4» Octol-A, Octol-R and 
PBX 9404 confined in steel cups with walls 36.5mm thick are shown in 
TABLE 1, together with the response of 50 lb hemispherical charges in 
the Oblique Impact Test, for comparison. Care had been taken to 
ensure that the Fj values were similar in each experiment. The 
ranking of the four test compositions was in good qualitative 
agreement with the full scale test. 

THE ROLE OF CONFINEMENT IN THE LABORATORY 5GALE TEST 

Following Maceks model for the deflagration -to-detonation 
transition (4), the build up to detonation is determined by (a) the 
relationship between burning rate and pressure, (b) the shock 
properties of the unreacted explosive and (c) the shock sensitivity 
of the explosive in an appropriate geometry. When venting of the 
product gases occurs during the build-up then the relative rates of 
product gas formation and venting must also be taken into account, 
and venting may lead to the extinction of reaction. In the small 
scale experiments described above the reaction was extinguished 
before the HE was completely consumed, except possibly for a few 
experiments with PBX 940.1 when complete reaction may have occurred. 
The metal confining cups used in these experiments were either 
recovered undamaged or with their walls deformed. This evidence 
suggests two main venting modes may be operating to limit the event 
size, an inertial mode and a strength mode. These are illustrated 
schematically in figure 8. The original positions of the metal 
confining cup (C), the explosive charge (E) and the Tufnol base plate 
(B) are shown in figure 8.1. In the inertial mode illustrated in 8.2 
the force exerted on the charge assembly by the product gases causes 
the assembly to move away from the base plate, and the product gases 
vent as indicated (V). The strength mode is illustrated in figure 8.3. 
The force exerted on the metal confinement by the product gases 
causes the walls to deform plastically thus allowing the product gases 
to vent as indicated« Figures 4-7 show that for any of the HE 
compositions investigated the peak impressed force measured with a 
steel confinement of any given size was greater thai: that measured 
with an aluminium alloy confinement of the same size. The steel and 
aluminium alloy used in the experiments had similar yield strengths, 
but confining cups of the same size differed in mass. The peak 
force measurements for Octol-A from figure 5 were repiotted as a 
function of the mass of the explosive assembly as shown in figure 9« 
In region (i) the peak force can be seen to depend only on the mass 
and not the material and dimensions of the confinements. 
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All confinements from experiments corresponding to region (i) were 
recovered undamaged.  This would be expected for an inertial venting 
mechanism since, provided the explosive assembly and the drop weight 
are decoupled by the felt pulse shaper, the mass of the explosive 
assembly will determine the acceleration of the round away from the 
ignition plane, and hence determine the rate of venting. Neglecting 
the mass of the drop weight is justified by the data shown in 
figure 10. This shows a static load/displacement curve for the felt 
pulse shaper used in the experiments. Peak load has been plotted as 
a function of the additional compression of the felt from some 
initial compressed state. The point P indicates a compression state 
appropriate to the ignition conditions in the small scale experiments. 
The data demonstrates that further compression of the felt from the 
state P may be readily achieved, thus allowing relative movement bet- 
ween the charge assembly and the drop weight which are therefore 
effectively decoupled. 

If the inertial mode was the sole venting modf: then by 
increasing the cup wall thickness the explosiveness could be 
increased until a complete explosive yield was obtained. However, the 
peak impressed force tends to a maximum value, which corresponds to 
a partial explosion, with increasing wall thickness (figures 4-7). 
This can be readily explained by the strength mode for venting. 
Failure of the walls of the metal cups, leading to product gas venting, 
will occur when the maximum hoop stress in the wall equals the yield 
stress for the material. When the cup wall thickness is increased 
the maximum internal stress in the cup which can be supported without 
failure increases, until a wall thickness is reached for which the 
internal stress approaches the yield stress for the material. At thi3 
stage further increases in wall thicknesses have very little effect 
on the maximum internal stress which can be supported. Confinements 
from region II figure 9 were all damaged and the peak impressed force 
in this region is relatively independant of further increases in 
confinement mass and wall thickness. The steel confinement results 
in region (n) lie above those fo. aluminium alloy. This may be 
explained since for a given mass the aluminium alloy cups have a 
greater wall thickness than steel cups, and the critical wall 
thickness therefore corresponds to a lower mass. 

In general both the inertia] and strength modes of venting 
are important in varying degrees depending on the HE and the material 
and dimensions of the confinement. 
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THE EFFECTS OF CHARGE SIZE AND MASS IN THE LABORATORY SCALE 
EXPLOSIVENESS TEST 

Tlie variation of explosiveness with charge mass was studied 
by comparing,in the standard experiment, the responses of two types of 
Octol-A and IM4 charges, weighing approximately 30g, with the 
response of 17g charges. Type A charges were cylinders measuring 28.6 
mm diameter x 25.9mm thick and type B charges were discs measuring 
50.8mm diameter x 8.1mm thick. The standard 17g charges measure 
28.6mm diameter x 14.2mm thick. All charges were confined in thick 
walled aluminium cups. The impact loading conditions in the 
experiments were adjusted so that the impact pressures at the time of 
hot wire ignition were the same for each type of charge. The 
experimental results are summarised in Table 2. Increasing the 
charge mass increased the peak forces measured both for HW4 and 
Octol-A, compared with the small scale experiments, and the increases 
were greatest for HW4« The experiments have demonstrated the 
importance of charge shape. Larger peak forces were measured for 
Type A charges than for type B even though the charge masses were 
identical. The effects due to charge shape may be explained 
qualitatively by reference to figure 11, which shows three 
hypothetical positions of the reaction front in type A and in type B 
charges. At position a-a the same mass of HE will have been 
consumed in both types of charge. However, after this point eg. 
position b-b, less HE will have been consumed in type B charges 
compared with the type A charges, and for this reason the pressure 
may be higher in the type A charges. This must produce a lower rate 
of propagation and a lower explosiveness in type B charges because 
of the dependance of burning rate on pressure. 

PRELIMINARY EXPERIMENTS TO INVESTIGATE THE RELATIONSHIP 
BETWEEN CHARGE MECHANICAL PROPERTIES AND EXPLOSIVENESS 

Although a link between charge mechanical properties and 
sensitiveness in the Oblique Impact Test has long been recognised, 
the importance of charge mechanical properties in any predictive 
modelling of the explosiveness of charges in this test has not been 
established. It is probable that explosiveness is influenced by the 
magnitude of the stress in the ignition zone at the time of ignition 
and by the frangibility of the HE. Consequently the dynamic- elastic 
moduli, the dynamic compressive and tensile strengths, the fracture 
properties and the HE/Binder adhesion will all be important parameters. 
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Laboratory scale explosiveness experiments have been carried 
out for a range of compositions each of which contained 96w/° HMX in 
a polyurethane binder. The compositions differed in the type of HMX 
used (fine or a bimodal mixture of coarse and fine), and in their 
mechanical properties, which were dependant on the degree of cross- 
linking in the polyurethane binder. Compositions P-1, F-2, P-3 and 
F-4 contained the fine HMX (top size 125 p with 35w/° in tne size 
range 45-125 urn and the remainder in the range 0-45pm)» and 
compositions C-1 and C-2 contained the bimodal HMX. The coarse powder 
used had top and bottom sizes of ~1 mm and ~100 urn respectively. 
Except for the differences mentioned the compositions were virtually 
identical. 

Six charges of each of the compositions were assembled into 
mild steel cups 101mm OD, and the explosiveness was determined for 
each composition. The results of the experiments are shown in Table 3« 
The ignition load (Fj) required to achieve a propagating reaction 
varied with the composition. For G-1, C-2 and F-1 an Fj in the 
range 10-20kN was required, whereas for F-2, F-3 and F-4 much higher 
loads (Fi) in the range 35—50 kN were required. Explosiveness was 
found to vary significantly with composition in spite of thoir 
similarities. In order of increasing explosiveness the experiments 
ranked the compositions as follows: 

(F-2, F-3, F-4)<HW4 < (F-1, C-2) < (C-1) ^  Octol-A 

IIo one mechanical property has so far been found which correlates with 
the observed differences in explosiveness. In general the compositions 
which contained coarse HMX ie C-1 and C-2, were more explosive and able 
to be ignited with less force (Fj) applied to the charge assembly, than 
the compositions which contained fine HMX (F-2, F-3 and F-4). However, 
Composition F-1 which contained fine HMX behaved similarly to C-1 and 
C-2. 

These experiments have confirmed that both the HMX type and 
the charge mechanical properties are important parameters which must 
be taken into account in ajc\y  predictive modelling of the hazard 
potential of an HE composition. 

CONCLUSIONS 

1.      A Laboratory Scale Explosiveness Test has been developed, 
which has ranked four test compositions in the same order ac the 
Oblique Impact Test. This small scale test has applications in 
Formulations Research and Development. 
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2. Explcsiveness is a property of an HE system and has been 
shown to depend on the size and shape of the charge, and on confine- 
ment. The importance of both the strength and the inertial components 
of confinement has been demonstrated. 

3. Explosiveness has been found to vary significantly between 
compositions, each of which contain 96w/o HMX and the same 
polyurethane binder material. Charge mechanical properties and the 
oarticle size distribution of the HMX in the composition have been 
identified as important parameters, but the variations in explosive- 
ness could not be correlated with the known differences in mechanical 
properties. 
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Table 1 

A comparison between results obtained in the laboratory 
scale explosiveness test and the oblique impact test 

Compositions 

■                                       ' 

Explosiveness 

Small Scale Test * Oblique Impact 
Test 

(F-Fl) kN Pi kN 

HW4 

Octol-A 

Octol-R 

PBX 9404 

59- 11 

371- 18 

476± 21 

900^ 27 

37±2 

28± 4 

26±11 

30± 3 

Small Partial 

Large Partial 

Large Partial 

High Order 

* Steel confinement - wall thickness 36.5mm 
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Table 2 

The variation of explosiveness (F - F ) with charge mass 
and shape in the small scale test 

■ 

Composition 

Explojiveness  (P - Pi) kN 

Type A 
30g charges 

28.6mm dia x 
25.9 mm thick 

Type B 
30g charges 

50.8mm dia x 
8.1 mm thick 

17g charges 
Standard Size 

Octol-A 

HB-4 

483- 9 

167±52 

380± 8 

128i24 

255- 12 

14± 7 
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Table 3 

Laboratory scale explosiveness test results from a series of ,w 
compositions containing 96w/o HMX in a polyurethane binder 

Composition HMX type 
Dynamic 
Modulus 

ExIO-6 kNnf2 

DCS. 
kNnf1 

frl) 
kN 

(P - Fj) 
kN 

C1 Bimodal 1.79 19125 11.12 340 

C-2 

P-1 

Bimodal 

Pine 

1.31 

2.28 

12539 

14229 

19.57 
37.14 
19.13 
29.80 

96 
143 
30 

125 

P-2 

P-3 

P-4 

Pine 

Pine 

Pine 

1.45 

1.86 

1.93 

19774 

23133 

24857 

17.79 
48.50 
37.40 

16.01 
49.00 

Zero 
29 
47 

Zero 
25 
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Fig 1 Explosive charge assembly (H) explosive disc 
28.6 mm diameter x 14.3 mm thick. (C) metal 
cup, either steel or aluminum alloy 
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Fig 2 Drop weight apparatus (A) explosive charge assembly 
(B) drop weight  (C) guide tube (D) felt pulse 
shaper (T) load spreading plate (F) heater wtrs 
(G) base plate (H) switch (E) load cell 
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TIME 

Fig 3 A typical load/time record (a) impact of drop weight 
(b) electrical pick-up from heater power pack (c) 
force impressed on load cell by reacting HE (d) 
mechanical ringing (e) load/time signal in the absence 

of an explosive event 
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Fig 4 Dependance of peak force on confinement wall thickness 
in the laboratory scale explosiveness test 
Explosive: HW4  (HMX/Wax 95/5) 

• Steel Confinement       O Aluminum Alloy Confinement 
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Fig 5 Dependance of peak force on confinement wall thickness 
in the laboratory scale explosiveness test 
Explosive:  Octol-A (HMX/TNT/Wax 79/20/1) 
• Steel Confinement       o Aluminum Alloy Confinement 
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Fig 6 Dependance of peak force on confinement wall thickness in 
the laboratory scale explosiveness test 
Explosive:  Octol-R (HMX/RDX/TNT/Wax 75/4/20/1) 
• Steel Confinement      O Aluminum Alloy Confinement 
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Fig 7 Dependance of peak force on confinement wall thickness 
in the laboratory scale explosiveness test 
Explosive: PBX 9404 (HMX/NC/TCEP 94/3/3) 
• Steel confinement      O Aluminum alloy confinement 
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Fig 9 Peak force measurements for Octol-A plotted as a function 
of charge assembly mass 

• Steel confinement      O Aluminum alloy confinement 
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Fig 10 A static load-displacement curve for the felt pulse 
shaper used in the laboratory scale explosiveness 
test. (P) a compression state corresponding to the 
ignition conditions in the small scale test 
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Fig 11 Equivalent positions of hypothetical reaction fronts a-a, 
b-b and c-c in the type A and type B charges used in the 
experiments to evaluate the effects of charge size and mass 
in the laboratory scale explosiveness test.  (W) heater 
wire position (A) HW4 or Octol-A charge 28.6 diameter 
x 25.0 mm thick (B) HW4 or Octol-A charge 50.8 mm 

diameter x 8.1 mm thick 
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SUMMARY 

The effect of the addition of kieselguhr on the impact 
sensitivity, as measured by the Rotter Impact Machine, of a number of 
explosives and compositions has been determined and the results treated 
analytically. The ability of some phlegmatisers to counteract the 
effect of the kieselguhr and the unexpected sensitising effect of 
silicone oil is discussed. 
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INTRODUCTION 

The sensitisation of explosives to impact by the addition of 
various inert materials has been investigated on numerous occasions, 
but usually in relation to some specific practical problem. It was 
thought that useful information could be obtained by a more systematic 
approach where the effect of the addition of different percentages of 
one inert material to a range of explosives was examined, using the 
Rotter Impact Machine, 

Kieselguhr is composed of the skeletons of minute marine 
organisms known as diatoms, and although it may appear to be a soft 
powder it is, in fact, composed almost entirely of silica and con- 
sequently its constituent particles may be extremely bard.  It is well 
known in explosive technology, being one of the constituents of 
dynamite. It was used recently at AWRE as a filter medium in the 
preparation of one type of PETN and it was found that enough remained 
in the final product seriously to reduce the Figure of Insensitiveness 
(F of i)*. As a result of this discovery, some further tests on PETN 
with kieselguhr were clearly necessary and it was decided to extend 
the programme to include a selection of  other explosives. 

It was also decided to examine the ability of a selection of 
phlegmatisers to counteract the sensitising effect of the grit as it 
was known that the ability of different materials to desensitise 
explosives varies greatly. PETN was the only explosive used in this 
work. 

* p f T - ^0 x Median Drop Height of Sample 
Median Drop Height of Standard 
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FJlPkinMATTAL 

10 g of explosive was used for each test, sample and the 
kieselgunr added and well nixed. This was not always easy because 
(a) the kieselguhr was the sane colour as most of the explosives used, 
and (b) handling the explosive quickly built up a static charge. 
However, internal standard deviations in Rotter test data and, where 
performed, results of duplicate testing, suggest a reasonably 
homogeneous mixture. 

Kor the first series of tests, the percentage of kieselguhr 
added was on a log scale, 1.0, 0.1, 0.01 with intermediate percentages 
added later as required. For the second series of tests, 20g of a 1^. 
mixture was made up, 10g taken out for testing and the remainder 
progressively diluted with explosive to give grit percentages of 1/2, 
1/4, 1/8, 1/16, l/7>?, 1;/o!f,  It was thought that this method would 
result in a more homogeneous mixture. 

For the work on phlegmatisers, the mixtures were made by 
dissolving the pblegmatiser in a suitable solvent, mixing the solution 
with the explosive and allowing the solvent to evaporate. Some 
experiments were done initially to compare the effect of adding the 
kieselguhr before and after the phlegmatiser. As the results 
indicated that there was no annreciabie difference, the kieselguhr was 
added after the phlegmatiser in aJ1 subsequent experirents. 

.■'dl V  of T results quoted were determined using the A'TKh' 
version of the hotter Impact Vest, ie a 50 cap Bruceton run for the 
sample, with a running mean for the RDX standard bnsed on a weekly 
SO cap run. 

R15ULTS 

Tables 1 and 2 show all the F of I figures obtained and these 
are also expressed graphically in Figures 1 and 2« where more than one 
determination has been made the figures have been meaned. 

Table 3 gives the percentage sensitisation which is the 
difference between the control F of I and that obtained at the 0.01'/ 
grit level, expressed as a percentage of the control figure. 

.'able U  orders the explosives from least to most sensitive at 
the 0.05/. grit level. This is considered to be the highest grit level 
which could occur through contamination during manufacture. Also 
included in this table for comparison are the Grit Insensitiveness 
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;\-_gures (-iff) (See Analysis of Results). 

Vable 5 shows the effect of a selection of phlcgmatisers, with 
and without grit, on PWl'N. 

Ju.ALYSIS OF RiftUITS* 

If a plot is mn.de of the relationship between the percentage 
of grit (abscissa) against F of I (ordinate) a falling curve resembling 
Orihyperbola is obtained, and the curve appears to run asymptotically to 
soi.ie minimum b' of I value as the amount of grit is increased.  It was 
found that such data could be fitted to the simple hyperbola 
(F - A) (g - B) = C where A, B and C are constants, F is the ¥  of I and 
g is the percentage by weight of grit present. 

The principles underlying this regression method are- 
described in Appendix I and it was used throughout the piesent work to 
reduce the observations to an analytical form. 

From the regression constants A, B and G can be derived a 
number of parameters of practical value in assessing the safety 
properties of the explosives on the assumption that in everyday usage . 
one will seldom be handling a pure explosive, but rather one which, 
in spite of the usual precaution, '•/ill almost inevitably be contaminated 
to some extent with adventitious grit. 

The parameters which soem to be of greatest potential 
usefulness are the following: 

1, The minimum value (l<l) of the F of I which is likely to 
arise as a result of gross contamination with grit. 

2. Yhe slope (S) of the curve at the zero grit level taken as a 
measure of the responsiveness of the particular explosive to very- 
small grit concentrations. 

3»      A general parameter, to be called the Grit Insensitivity 
'■-lire (GIF) equal to the average F of I from zero grit up to some 
arbitrary level conveniently fixed at Vr  grit. M, the minimum 

* This method of analysis was devised by Dr C M Bean. 
Another treatment has been proposed by Mr H J Scullion. Ref 2 
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sensitivity, may be taken as the value of the constant A, ie it is the 
asymptotic value of the ¥  of I as g increases indefinitely. 

S is given by the following expression: 

<?  C 

GIF is the area lying under the regression curve from 
g = 0 to g = 1 and has the value: 

GIF = A + C In 
B - 1 

V  B J 

Table 6 gives, for 12 explosives, the values of these 
parameters together with the regression constants A, B and C and a 
root mean square estimate of the goodness of fit (See Appendix I). 

DISCUSSION 

1. THE ffi-'F ;GT 0¥  GlilT 

The curves plotted in Figures 1 and 2 are all approaching 
very closely to an asympototic F of I by the time that "[),  of grit 
has been added. It is not easy, especially in view of the complexity of 
the impact process in the Rotter machine, to form anything like a 
quantitative physical picture of the processes taking place during 
impact in the presence of grit. The observations do, however, suggest 
that a 'saturation' process is taking place as more and more grit is 
added, perhaps that special locations in the explosive particle matrix 
capable of producing sensitisation are being progressively occupied by 
grit particles as the proportion of grit increases. The limit 
condition would be the point where two or more grit particles 
(assumed to be no more effective than a single one at a given site) are 
candidate occupants for the same site. 

Of the parameters M, S and GIF, the last, since it represents 
the average behaviour of the sample over a reasonable range of grit 
concentrations, is perhaps the best general indicator and moreover is a 
very stable figure in the sense that it is not as easily perturbed as 
are S and M by experimental errors. Although the number of explosives 
so far investigated is small, already it is possible to sketch in 
tentatively a division of the explosives into classes according to the 
GIF values.  (Table 4) In the class GIF<15 we have Barium 
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Styphnate and i'lJTN. To this classone can assign primary explosives 
and those which although not true primaries nevertheless partake of 
some primary-like properties. The class (15<GIP<35) can be 
described as sensitive secondary explosives. Tentatively, one would 
put the insensitive secondary explosives in the class (GIF >35). 

It must, however, be emphasised not only that this is a 
tentative division but also that the present results have relevance 
only to powder impact situations where, as will probably be true in 
most practical instances, absolute freedom from adventitious grit 
cannot be guaranteed. No claim whatever can be made that the 
classification is any guide by itself to the sensitiveness of charges, 
ie to the likelihood of an event ensuing from their rough usage. 

From a 
the ? of I of an 
arise in adverse 
that under the cl 
processes that su 
evident in qualit 
ordered from Leas 
they could have b 
using the G-TF and 

practical point of view, an important consideration is 
explosive at a grit level which might be expected to 
processing conditions.  It is difficult to imagine 
ose control normally applied to manufacturing 
ch a grit level could exceed 0.0.5^ without being 
y assurance. If, at this level, the explosives are 
t to most sensitive (Table 1+)  it will be seen that 
een ordered in almost and exactly the same way by 
fall into the same three groups as noted above. 

2. THE EFFISCT OF BINDERS 

The usually explosively inert binder used in HE formulation 
fulfils three roles: 

(a) To endow the final charge with desirable mechanical 
properties 

(b) To control the explosiveness of the charge, namely the 
magnitude of the event to which the charge might give rise 
in certain hazard situations. 

(c) To act as a general phlegmatiser, that is to produce a 
generalised desensitisation of the explosive particularly 
when it is handled in powder form. 

It is necessary to distinguish (b) which refers to the likely 
consequences of a seminal event occuring in or near the surface of the 
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Charge, from (c) which refers to the ease of producing such an event. 
Experiments of the type dealt with in this report are directly 
relevant only to (c), although this does not preclude the possibility 
that some indirect conclusion as to (b) might stem from (c). 

It is clear that in a formal sense at least grit can be 
regarded as an anti-phlegnatising agent and that therefore there is 
the possibility that a standard grit might be used as a yard-stick 
to measure the effectiveness (in the sense of (c) above) of various 
phlegmatisers and that this might be a useful guide to designing HE 
formulations. 

The present results enable a start to be made on these lines. 
Indeed, there are results which indicate, contrary to expectation, 
that some binders (viton in HV 1 and silicone oil) instead of being 
phlegmatisers are in fact acting as sensitising agents. 

Looking at the curves in Figures 1 and 2 some observations 
may be made. HW k  with a polythene binder and IT.Y'5 with polythene/ 
liquid paraffin are the least affected by grit and only slightly 
worse is UT2 containing some TNT which may have some phlegmatising 
action, and a small quantity of wax. HT1, with a similar composition, 
fares significantly worse; this could possible be due to its having 
a higher F1LX content. 

The viton in itV1 has no desensitising action at all. In 
fact, as noted above, it has a slight sensitising effect. 

A much more striking example of this effect emerged during 
work on the phlegmatising power of certain binders on PSTN (Table 5). 
It is clear from these results that polythene and some mineral oils 
are powerful phlegmatisers for PEPN and that %  of them almost exactly 
neutralises the effect of 0.01% kieselguhr. Lanolin added by a wet 
process also appears to be similar, but the lanolin is in a hydrated 
form and this has probably affected the result; lanolin added by a 
solvent process has little phlegmatising effect. 

It is suprising, especially since in general oils are very 
good phlegmatisers, that the silicone oil, far from being a 
phlegmatiser, acts almost as if it were another kind of grit, 
sensitising the mixture in the absence of grit and then acting 
synergistically with added grit to produce even greater sensitisation. 
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This effect persists with other samples of MS 200 with different vis- 
cosities  and other silicone oils of different composition. The 
phenomenon is one for which there appears to be no ready explanation 
and it clearly needs more study. 

The ultimate aim of work of this kind will be to show, for 
various explosives, what is the relationship between the amounts of 
different binders present and the amounts of standard grit required to 
offset the protective effect of those amounts of binder and thus to 
arrive at a measure of the phlegmatising effect of different binders. 
v:!c  can, however, derive algebraically  point estimates of the 
phlegmatising effectiveness of the binders present in HV1 s HT1, HV/4, 
HW5 an(l Comp B from the appropriate regression equations. If Ao, Bo 
and Co are the regression constants for the pure base explosives 
(here RDX and HMX) and A, B, and C are those for the formulation, 
then the grit percentage (gn) required to neutralise the protective 
effect of the binder present is given by: 

Sn = B + (Ao - A) - (Co/Bo) 

The results of this calculation are given in Table 7. As 
measured by this scale the superiority of the polythene/liquid 
paraffin binder is clear especially since HW5 is richer in HMX than 
is HW4. The sensitivity of TOT is low even with much grit (GIF = 72.1) 
(See also Figure 1) so it is perhaps fair to count TMT/V.AX as a 
phlegmatising binder. However, the percentage, nature and perhaps also 
the particle size distribution of the base explosive are factors which 
need to be taken into account in interpreting gn values of binders; 
point estimates such as are given in Table 7 are insufficient, and 
need to be extended at least to include a range of percentage of the 
base explosive with the binder under investigation. The pair HT1 and 
HT2 may form an illustration of this effect since the gn values for 
the latter is about 2-g times that of the former. It is not possible 
to say at this stage whether the difference is due to the different 
proportions of HMX in the two mixtures, whether it is due to the 
presence of terylene fibres in HT2 but not in HT1 or whether some 
other fector is responsible. 
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CONCLUSIONS 

Useful data on the sensitising effect of one type of grit on 
a range of explosives and explosive competitions has been obtained and 
a method for the analytical treatment of this data has been devised. 

It has been shown that the ability of different binders both 
to desensitise an explosive and to inhibit the effect of added grit 
varies greatly, indeed, some silicone compounds actually have a 
sensitising effect on their own and enhance the effect of added grit. 
An explanation of this curious behaviour will be sought in future work. 
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Table 1 

F of I determinations for explosives + kieselguhr, 1st series 

HE   ^\^ Control 0.005 0.01 0.02 0.05 0.1 0.2 1.0 

Potassium 
Picrate 103 - 90 71 68 63 52 24 

HW4 78 - 73 65 67 52 55 36 

ma. 53 - 50 44 44 39 % 30 

RDX 7(> - 68 59 47 % 35 20 

PET'N «3 - 55 35 31 21 19 9 

Barium 
Styphnate 39 2.8 15 15 15 14 18 17 

ir,','5 69 - t56 - - 57 - 37 

HV1 51 - 49 - 
■ 

34 
■ 

28 
_      _ 
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Table 2 

F of I determinations for explosives + kieselguhr, 2nd series 

HE    N. 
Control 1/64 1/32 1/16 t 

1 
4 

1 
2 1 

31 HT1 91 80 72 58 42 35 34 

Corap B 105 101 85 83 74 50 41 32 

TIJ? ca 170 ca 145 ca 145 131 100 89 59 49 

HT2 100 82 79 64 58 47 39 35 
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Table 3 

Percentage sensitisation at the 0.01% grit level 

<f; 
Explosive Sensitisation 

Comp B 1.9 
HMX 3.8 
HV1 3.9 
HW5 4.3 
TOT 5.9 
HW4 6.4 
HT1 9.9 
RDX 10.5 
HT2 11.0 
Pot Picrate 12.6 
PhTN 33.7 
Barium Styphnate 61.5 
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Table 4 

F of I at 0.05% grit level and GIF 

Explosive F of I GIF 

TNT 135 72.1 
Conp B 87 46.9 
IIT2 71 43.9 
HW4 68 43.8 
Pot Picrate 68 36.9 
M5 
HT1 

60 
56 

44.8 
36.5 

HDX 47 27.2 
mi 44 33.1 
HV1 41 30.3 

PJ'JTN 31 14.2 
Barium Styphnate 15 13.9 
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Table 5 

F of I of PETN + various phlegmatisers 

Binder 
PETN + 
5/0 Binder 

PSTN + % 
Binder + K 

Lanolin 
(Solvent Mix) 85 56 

Lanolin 
('Jet Mix) 98 74 

Polythene 99 82 

MS 200 + Benzoyl 
Peroxide (Uncured) 

68 24 

MS 200 (30,000cs) 
No Benzoyl Peroxide 77 30 

MS 200 (50cs) 70 29 

Si Fluid 
F110/300 56 19 

is 710 63 25 

Cedarwood Oil 73 40 

Apiezon Oil C 112 70 

Edward High 
Vacuum Oil 109 72 

Dibutylphthalale 98 63 

Nujol 98 70 

PETN Control F of I = 83 
PETN + K Control = 55 
K = 0.0155 Kieselguhr 
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Table 7 

Values of gn for some explosive compositions 

Explosive 
Base 

Explosive 
Binder gn 

HW5 

IIT2 

HW4 

Comp B 

HT1 

HV1 

HMX 

HMX 

HMX 

RDX 

HMX 

HMX 

Polythene/liquid paraffin 

TNT/V/ax 

Polythene 

TIJT/Wax 

TNT/Wax 

Viton 

0.16 

0.16 

0.14 

o.oaa 

0.059 

0.0007 
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APPENDIX I 

HYBHRBOLIC REGRESSION 

1.      Hyperbolae are particularly apt curves to fit to Many kinds 
^r physical data, particularly such as arise in explosives work. 

There are, however, difficulties in devising a least squares 
regression algorithm for (y - A)(x - B) = C. The tactic of the present 
method is as follows:- Let Xj_ and y^ represent a pair of observations; 
it is then possible by standard methods to calculated the values of the 

constants A and B which minimise £ (C-? - C)*- = - \ 1/*  if the ±        ' n 
fit is perfeat all the values of Ci will be identical and if not it is 
assumed that C is the best estimate of C.  Tt is to be noted that the 
dimensions of C itse]f are square so the minimisation is of the sums of 
biquadrat.es rather than of squares. Furthermore, as will be seen 
later, the algebra of the calculation of A, B and 0 is completely 
symmetrical with respect to x and y, ie the system is invariant under 
the substitutions (x = y), (y = x), (B = A), (A = B). Thus the error 
sum of squares is attributed to x and y equally and is conveniently 
represented by an error sum of triangle areas as is illustrated in 
diagram (a) below. Difficulties can arise, as is shown in sketch (b) 
below if an observed point is so divergent that ic falls in the 'wrong' 
quadrant of the asymptote axis frame of reference. 

error trianqle 

x 

The computer programme used detects and announces such occur- 
rences and excludes the abnormal error triangle areas from the 
calculation of goodness of fit, which is taken as R.'SD =1 \; (T) 

where /(T) is the sum of the area of the non-excluded error triangles. 
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The calculation of A and B is as follows:- 

C. - C 
i 

1 (c 2)        X 2 
7
 (Ci } " - jCj) 

N 

Ci = (y± - A)(Xi - B) 

By substitution of the last expression into the right hand 
side of the first, expressing the result in summed form, then partially- 
differentiating it with respect to A and B, then equating each 
expression to zero and solving the two resultant simultaneous equations 
the following, after much tedious algebra is obtained;- 

A = (ak - pq)/(mj - p ) 

B a (jq - pk)/(mj - p ) 

where:- 

i = z (x2) - 
£2 isl 
n 

k = Z (x2y) -^M.S(xy) 

P = E (xy) -iM.z(y) 

2 (y ) - 

n 
Z2 ill 

Substitution of each pair of x, y observations into the 
basic equation (y - A)(x - B) using the calculated A and B values leads 
to the array of (C)'s the mean of which is the value of C. 

2.      To fit a general rectangular hyperbola with assignment of the 
error to the ordinate only is somewhat more difficult. It can, however, 
be done on a trial and error basis by substituting tentative values of 
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the constant B into the following expressions for A anc C and 
calculating the data Error Sum of Squares £ (Y - y) directly. 

A = 2.L(~B)2J. ,)(y): ^.L(~B)].Z L(~B)_ 

N. _(x^-B)J - }_   [> - B)J . I (y) 

where    D N. )_ L(X^TB)
2
 J- )_ [_(F^L 
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ABSTRACT 

Experiments at the Ballistic Research Laboratory designed to 
determine the mode of ignition of explosive in the PA activator as 
it has been used in the past have shown that the ignition is not due 
to adiabatic compression of the residual gas but rather that the 
ignition probably is caused by friction within the machine. Thus, 
in the past, the activator was not modeling conditions that exist 
within the shell during launch, and the explosive ignition in the 
activator was only an artifact of the activator itself.  It has also 
been shown that when the source of frictional ignition is eliminated 
that the explosive is resistant to adiabatic ignition in the activa- 
tor to at least three times the level previously accepted.  Experiments 
are being continued in order to investigate conditions which will 
produce sufficient adiabatic heating of the explosive to ignite it. 
If the changes suggested are adopted, then the activator will be an 
acceptable test device to obtain adiabatic ignition sensitivity. 

There are two other general classes of stimuli that can lead to 
ignition of the shell filler, namely high pressures acting directly 
on the explosive, and frictional phenomena. The activator is a 
convenient, relatively low-cost tool for investigating and character- 
izing all three areas, and BRL currently is using it as such. 
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BACKGROUND 

Since 1971 BRL has been interested in the results of activator 
tests on explosives. At that time the activator tests on Comp B for 
various base gap spacings as a function of pressure indicated that 
it was considerably more sensitive than seemed possible.  A joint 
effort between Picatinny Arsenal and BRL at that time lead to incon- 
clusive results because of fund limitation.  Since that time, BRL 
has built up a capability for activator testing. The present study 
has been funded by the Energetic Materials Division of the Large 
Caliber Weapons Systems Laboratory as a component of the Energetic 
Materials Research Program. 

P.A. ACTIVATOR 

The small scale laboratory test device which was developed by 
Picatinny Arsenal to simulate the setback pressure loading generated 
by firing an artillery shell was named the P.A. Activator.  A sche- 
matic drawing of the apparatus is shown in Figure 1 (taken from Ref 
1).  The explosive sample is placed in the center of the hollow 
steel cylinder (D) between two steel pistons (C). The rear piston 
is normally stationary and is in contact with the adjustable rear 
support screw (B). The front piston is driven by the large piston 
(E). This large piston in turn is driven by burning propellant in 
the closed chamber (J) with a pressure gage to measure this pressure. 
When adiabatic ignition is to be tested an air gap is established 
between the front surface of the explosive and the front piston as 
shown in Figure 2.  This gap is termed the base gap since it is 
meant to simulate the base gap region of a high explosive filled 
shell. 

INITIAL EXPERIMENTS 

The initial experiments at BRL with the activator led in a 
clear and direct manner to an understanding of the mode of ignition 
of explosive samples in the device as it has been used in the past 
and also as it presently is being used at BRL. These experiments 
are listed in Table 1.  Initial experiments started with Comp B at 
60°C (140°F) with a 1.6 mm (1/16 in.) base gap in an attempt to 
reproduce the data obtained by PA several years earlier shown in 
Figure 3. The shots started at 410 MPa (60,000 psi) and the pressure 
was repeatedly increased in an attempt to obtain the first ignition 
with the apparatus so as to assess the violence of it and determine 
if the BRL activator was properly constructed to withstand the 
explosion.  The first shot at 410 MPa (60,000 psi) had only a 5% 
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probability of ignition so that lack of ignition wasn't too surpris- 
ing.  One shot was then fired at 480 MPa (70,000 psi) where the 
probability was 16% and again the lack of ignition was not a surprise. 
Next, two shots at 620 MPa (90,000 psi) where the probability was 
70% each proved some surprise when neither ignited.  Then another 
shot was fired at what was set as the top pressure for the apparatus, 
830 MPa (120,000 psi) where the probability was 99.9%. Lack of 
ignition here was cause for concern. After verifying that the test 
samples were indeed high explosives, another test was made again at 
830 MPa (120,000 psi), this time with a 3.2 mm (1/8 in.) base gap 
where, on an extrapolated basis, the probability should have been 
99.99%. Again no ignition occurred.  Finally, on the next test at 
830 MPa (120,000 psi) with a 6.4 mm (1/4 in.) base gap ignition 
occurred. A later series of tests performed at 830 MPa (120,000 
psi) with a 3.2 mm (1/8 in.) base gap gave one ignition in twenty- 
eight shots. 

This left two questions to answer: What was responsible for 
the ignition that PA reported at appreciably lower pressures and 
lesser base gaps, and what was responsible for the BRL ignition at 
630 MPa (120,000 psi) and a 6.4 mm (1/4 in.) base gap? 

MODE OF IGNITION IN BRL TESTS 

To determine what was responsible for the BRL ignition, it 
would have been desirable to have evacuated the air from the 1/4" 
base gap to prevent adiabatic heating of an appreciable mass of air 
and thus directly test the adiabatic heating hypothesis.  Unfortu- 
nately, no vacuum hardware was available at that time, so an equiva- 
lent experiment was performed.  For five shots, precompressed Comp 
B was used to render it insensitive to shock ignition and conditions 
were arranged so that there was 6.4 mm (1/4 in.) free run between 
the 12.7 mm (1/2 in.) dia. piston and the 76.2 mm (3 in.) dia. 
driver pisLon. This experiment would subject the Comp B to the same 
stimulus as if there were a 1/4" gap between the Comp B and the 
small piston.  However there would be no air to be adiabatically 
heated adjacent to 'he  Comp B. When these five shots were made none 
ignited, Table 2.  When eleven more precompressed samples of Comp B 
were tested, this time with a 6.4 mm (1/4 in.) air gap between the 
Comp B and the small piston and with no free run gap between the 
12.7 mm (1/2 in.) dia. piston and the 76.2 mm (3 in.) dia. piston, 
ten of the samples ignited. Since the difference between the two 
tests was the presence or absence of air adjacent to the Comp B, 
this was taken as proof that adiabatic compression of air with a 6.4 
mm (1/4 in.) gap could ignite Comp B and was responsible for our 
ignition in these tests.  This just recently has been verified in a 
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more direct manner.  Using cylinders and pistons modified so that a 
vacuum pump could exhaust most of the air in the 6.4 mm (1/4 in.) 
base gap, five shots were made on precompressed explosive with a 
vacuum of 133 PA (1000 millitorrs) or less, and none ignited. 

POSSIBLE MODE OF IGNITION IN PA TESTS 

If it is accepted that adiabatic heating is responsible for the 
BRL ignition at 830 MPa (120,000 psi) with a 6.4 mm (1/4 in.) base 
gap, then this same adiabatic heating cannot be responsible for the 
ignitions obtained by PA shown in Figure 3.  This is due to the fact 
that the PA ignitions occurred at much less pressure and smaller 
base gan spacings than did those of BRL. The pistons and cylinders 
used by PA had an appreciably looser fit.  Dimensions of pistons, 
cylinders, and explosive pellets as used or reported by BRL and PA 
are shown in Table 3.  There are two major differences between the 
BRL and the PA dimensions.  The clearance between the confinement 
cylinder and the piston is approximately five times greater for PA 
than for BRL, and the diameter of the explosive sample is smaller 
for PA.  The experimental set-up used in activator testing is so 
simple that these dimensions represent the only significant dif- 
ferences that could be found between the BRL and PA experiments. 
Tests were then made concerning these differences. 

When the BRL pistons were machined down to 12.573 mm (0.495 
in.) diamater and tested with Comp B at 830 MPa (120,000 psi) and a 
base gap of 3.2 mm (1/8 in.), three ignitions were obtained in three 
tests as tabulated in Table 4.  This compares to one ignition 
obtained in twenty eight tests with the normal full size BRL pistons 
cited earlier. 

The next step was to determine if this increased sensitivity 
was sufficient to account for the results obtained by PA, shown in 
Figure 3, where with a base gap of 1.6 mm (1/16 in.) there is a 50% 
probability of ignition at about 620 MPa (80,000 psi).  Table 5 
gives the results using a base gap of 1.6 mm (1/16 in.) and under- 
size pistons of 12.573 mm (0.495 in.) diameter and also undersize 
Comp B pellets.  Here ignition was obtained at 690 MPa (100,000 psi) 
and at 648 MPa (94,000 psi) with one shot at each pressure level, 
and no ignition was obtained with one shot at 400 MPa (50,000 psi). 
The amount of data is minimal, but it does indicate that using 
undersize pistons and Comp B pellets increases the sensitivity to 
ignition with a base gap of 1.6 mm (1/16 in.) so as to satisfactorily 
explain the results obtained by PA shown in Figure 3. 
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Of course, with the larger clearance of 0.102 mm (0.004 in.) 
that occurs with the PA hardware compared to the 0.020 mm (0.0008 
in.) with the BRL hardware, Table 3, there is the question of whether 
the ignition is due to steel-on-steel hot spots or is due to viscous 
heating of the Comp B as it is extruded into the gap between piston 
and cylinder.  To test these two possibilities, rear (stationary) 
pistons used that were cut down to 12.573 mm (0.495 in.) diameter 
for a length of 25.4 mm (1.00 in.) with the remainder of the piston 

being the full 12.725 mm (0.501 in.) diameter. The front (move- 
+       + 

able) pistons were full size (12.725 mm/0.501 in. diameter).  Two 
shots were made with pistons selected so that the full diameter part 

+       + 
(12.725  mm/0.501 in.) of the rear piston supported this piston in 

the cylinder so that the tip portion (12.573 mm/0.495 in. diameter) 
was centered within the cylinder.  When these were tested at 690 MPa 
(100,000 psi) with a base gap of 1.6 mm (1/16 in.), neither sample 
ignit2cl.  Two more shots were made where the rear (stationary) 

pistons were located so that the full diameter (12.725 mm/0.501 
in.) portion was outside the cylinder so that the cut down portion 
(0.495 in. diameter) was in contact with the cylinder wall. When 
these two samples were tested at 690 MPa (100,000 psi) with a base 
gap of 1.6 mm (1/16 in.), both ignited.  These results are tabulated 
in Table 6. This indicated that the main ignition component was 
steel-on-steel friction and not viscous shear heating of the Comp B. 

If one accepts that the mode of ignition in the PA case is due 
to hot spots caused by steel-on-steel friction between the piston 
and the confining cylinder, then a further interesting observation 
can be made.  Obviously, in the BRL case hot spots caused by steel- 
on-steel friction also o~cur.  The major difference between the PA 
and BRL designs is that the clearance in the PA case is approxi- 
mately five times that in the BRL case.  This means that the layer 
of explosive which is extruded into the clearance space is five 
times thicker in the PA case than in the BRL one.  This suggests 
that the hot spots may cause ignitior of the Comp B in both cases, 
but perhaps the layer is too thin to propagate in the BRL case and 
thus does not ignite the main body of the explosive sample. 

CONCLUSIONS 

Experiments at BRL to determine the mode of ignition of the 
explosive in the activator as it has been used in the past have 
shown that the ignition is not due to adiabatic compression of the 
residual gas, but rather that the ignition is probably caused by 
friction within the machine. There is a fortunate side to this since 
it also has been shown that when frictional ignition in the activator 
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is eliminated, that the Comp B explosive is resistant to adiabatic 
ignition to at least three times the pressure and twice the cavity 
size previously accepted. 

Thus, in the past the activator was not modeling conditions that 
exist within the shell during launch, and the explosive ignition 
obtained in the activator was only a machine effect.  If the changes 
suggested by BRL are adopted, then the activator will be an acceptable 
test device to obtain adiabatic ignition sensitivity. There are three 
general classes of setback stimuli that can lead to ignition of the 
shell filler, namely adiabatic compression of the residual gases, the 
high pressure impulse acting on the explosive, and frictional phenom- 
ena. The activator is a convenient, relatively low cost tool for in- 
vestigating and characterizing all three areas, and BRL currently is 
using it as such. 
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Table 2 

Test of adiabatic compression hypothesis 

No Air Gap at Explosive But Piston has 6.4mm (1/4 in.) 

Free Run: 

5 Tests - 0 Ignitions 

Air Gap (6.4mm/l/4 in.) at Explosive: 

11 Tests - 10 Ignitions 

Vacuum Gap (6.4mm/l/4 in.) at Explosive: 

5 Tests - 0 Ignitions 

Piston 0. D. 

Cylinder I.D. 

Clearance (Max) 

Explosive O.D. 

Table 3 
Dimensions 

PA BRL 
(ram) (in,) (mm) (in.) 

12.675 0 490 
•   -0.001 

12.736 0.5014 (Actual 

12.751 0.502 Max 12.756 0.5022 (Actual 

0.102 ~0.004 0.020 0.0008 

12.573 0.49: 12.675 0.499+ 
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Table 4 

Test of effect of undersize piston 

Piston Dia. 12.573mm (0.495 in.) vs 12,725mm (0.501+ in.) Normal Size 

3.2mm (1/8 in.) Air Gap - 830 MPa (120,000 psi) 

3 Tests - 3 Ignition 

vs 

28 Tests - 1 Ignition 

For Full Size Piston 

Table 5 

Further test of effect of undersize piston and undersize explosive 

1.6mm (1/16 in.) Air Gap - 690 MPa (100,000 psi) 

1.6mm (1/16 in.) Air Gap - 648 MPa (94,000 psi) 

1.6mm (1/16 in.) Air Gap - 400 MPa (58,000 psi) 

Ignition 

Ignition 

No Ignition 

Table 6 

Test of effect of friction with undersize piston 

1.6ram (1/16 in.) Air Gap - 690 MPa (100,000 psi) 

Piston Centered in Cylinder: 

2 Tests - 0 Ignitions 

Piston Touching Cylinder: 

2 Tests - 2 Ignitions 
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SUMMARY 

This paper describes a charge sensitiveness test using a "Vertical 
Activator" which simulates gun launch conditions. The design of the 
activator p2rmits the inclusion of air cavities and/or particles of 
grit such as are found in shell filling defects. 

The compressive stress in this test is produced by means of a 
falling weight. The median drop heights for a 50% probability of 
ignition for various explosive compositions have been determined. 
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INTRODUCTION 

The premature explosion o/ a shell in a gun barrel can give rise 
to a devastating event which, a^art from the physical damage it may 
cause, can have a profound effect on the morale of gun crews.  Prior 
to about 1964 all such premature events were assumed to be brought 
about by fuze malfunction or by direct enemy action.  It has since 
been established that most prematures are caused by the deflagration 
of the explosive filling initiated by the set-back stresses on firing. 
However, before the development of the Picatinny Arsenal "Set-Back 
Simulator" and the UK (Fig 1) and Australian copies no test existed 
for the assessment of the relative set-back sensitiveness of high 
explosive shell fillings. 

Studies using these simulators clearly demonstrated that defla- 
grations could be initiated in explosive samples by the compression 
of small air cavities purposely introduced into thr systems.  However, 
certain difficulties were experienced during the operation of the ap- 
paratus among which were: 

(a) The problem of consistently sealing the explosive under 
test into the system.  Owing to the variation in the tolerances of 
the cartridge bore and the punch diameter, the degree of explosive 
confinement varied from shot to shot.  Additionally, the explosive 
sample was often extruded out of the system between the punches and 
the cartridge and appeared to ignite some time after emergence.  Thus 
the test conditions were not sufficiently representative of those to 
be found in a shell undergoing set-back on being fired.  As a result 
it was found that the peak pressure levels necessary to cause ignition 
of RDX/TNT 60/40 Type A  were of the order of three times greater than 
the peak pressure levels typically found in modern guns. 

(b) It was a relatively skilled and lengthy process to set up 
the apparatus before firing.  The air gaps between explosive and 
punches had to be set with a micrometer and a given propellant charge 
had to be weighed and loaded into the firing chamber.  Errors in 
these operations coupled with variability of the tolerances and the 
slowness of the operations made it a tedious process to obtain suf- 
ficient results for a satisfactory statistical treatment. 

The simulator developed by the US Naval Ordnance Laboratory goes 
a long way towards overcoming the objections of (a) above but it is a 
relatively expensive device calculated on a per shot basis. 

Thus, the basic requirements for any new test equipment are that 
it should be simple, versatile and capable of producing a large 
number of results per day.  At the same time the explosive test 
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samples should be subjected to stresses similar to those experienced 
by shell fillings on firing, but with some overtest facility which 
would enable statistical comparisions to be made between different 
explosive compositions. 

EXPERIMENTAL 

The test section of the Picatinny Arsenal "Set-Back Simulator" 
was retained as the central feature of the new test equipment but it 
was turned vertically so that the moveable punch could be driven by 
the impact of a falling weight rather than by a propellant driven 
piston. 

The problems of sealing the air cavities in contact with the 
explosive and the accurate reproduction of the cavity dimensions were 
solved by the use of dished polythene discs as shown in Figure 2. On 
impact, the discs seal radially against the bore of the cartridge and 
the end-faces of the explosive pellet. Using these discs no extru- 
sion of explosive has been observed in more than 2000 firings. The 
polythene discs are made by precision moulding and have a concavity 
reproducible to ±1.5% in the case of concavities of 0.8 mm and 1.6 mm 
depth and 1% for concavities of 2.4 mm and greater depth. The com- 
bination of vertical test section and dished plastic discs made it a 
simple affair to introduce various grits into the assembly. 

The explosive compositions tested in this apparatus were in the 
form of cylindrical pellets 12.7 mm long by 12.7 mm in diameter and 
they are ca5t, machined or pressed as required. The explosive com- 
positions so far tested are listed in Table 1 together wich some of 
their composition details. 

The stress is applied to the moveable punch by means of a 10 kg 
weight which can be dropped from heights between 0.7 and 5 m onto the 
assembly. 

The experimental procedure adopted was as follows. The compo- 
nents are assembled as in Figure 2 and placed vertically in a holder 
which supports the bottom punch on a hardened steel anvil, the weight 
is then raised to the required height and dropped remotely. A posi- 
tive event is recorded when all the explosive in the test sample is 
consumed in an explosive reaction. A partial event is recorded when 
there are signs of an ignition but some sample remains after testing. 
In the analysis of the results partial events are counted as positive 
events. 

Two types of experimental technique have been employed, depen- 
dent upon the method of subsequent statistical treatment of the 

499 



results.  These are the Run-Down and Bruceton Staircase methods. 
For the Run-Down experiments twenty successive impacts were conducted 
at each of about 5 different heights over a range giving zero to 
more than 50% positive events.  Since it would be too time consuming 
to conduct Run-Down experiments on all samples to be tested, a 
simple Bruceton Staircase technique was applied using a linear scale 
of drop-heights 0,1 m apart. At least 50 experiments were conducted 
in each Bruceton run and the median height with its standard devia- 
tion is quoted. 

In order to make the results of the experiments more meaningful 
it was necessary to adopt some reference standard.  The standard 
chosen was RDX/TNT 60/40 Type A pellets using two polythene discs of 
1.6 mm concavity.  This assemblage was taken as a standard because 
the explosive is widely used in shell fillings and is, in fact, used 
in UK Abbot shell some 40,000 of which have been fired <t Proof 
without incident.  The implication is that explosives less sensitive 
to initiation in the Vertical Activator would be safer üian RDX/TNT 
60/40 Type A to initiation on setback.  Explosives more sensitive to 
initiation in the Vertical Activator are likely to be less safe than 
RDX/TNT 60/'.0 and are thus less likely to V considered -.s con- 
tenders for the fillings of ballistically launched projectiles. 

RESULTS 

A variety of in-service and potential candidate shell filling 
explosives have been studied in the Vertical Activator.  The explo- 
sives tested and some of their composition details are listed in 
Table 1.  Table 2 lists the median heights necessary for a 50% prob- 
ability of an ignition which have been obtained, together with the 
Figures of Insensitiveness from the UK Rotter Impact Test and the 
velocities of detonation.  It can immediately be seen from Table 2 
that the explosives tested cover almost the full range of the appara- 
tus, with median heights from 0.74 m for RDX/Wax/AI 68/12/20 to well 
over 4 m for RDX/Wax 8 88/12. 

The effect on the 50% drop height of changing the concavity of 
the polythene sealing discs has also been studied.  The drop heights 
were measured for pellets of standard RDX/TNT 60/40 Type A using 
polythene discs of 0.8 mm, 1.6 nun and 2.4 mm concavity.  The results 
are shown in Table 3.  It can be seen from Table 3 that the size of 
the air cavities has a marked effect on the 50% drop height obtained. 

In addition, the effect on the 50% irop height of the inclusion 
of quantities of grit into the air cavities has been examined.  The 
drop heights were determined again for pellets of standard RDX/TNT 
60/40 Type A using discs of 0.8 mm concavity and including 25 mg of 
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cast iron or corundum grit. The results of this study and the pro- 
found effect of grits can be seen in Table 4. 

DISCUSSION 

The choice of explosive filling for a shell is a fine balance 
between lethality requirement, represented in Table 2 by the detona- 
tion velocities, and safety criteria, represented by the set-back 
sensitiveness of the charge and the powder impact sensitiveness. 
Thus, although tetryl apparently has a low sensitiveness to set-back 
and a high velocity of detonation, its powder sensitiveness makes it 
relatively unsafe for large-scale production filling compared with 
some of the other compositions studied. 

Again, it appears that TNT is as sensitive to set-back stresses 
as RDX/TNT despite its lower powder sensitiveness. This is an im- 
portant consideration in shell filling design since there appears to 
be little or no extra margin of safety to be gained in firing rela- 
tively low performance TNT-filled shell as opposed to similar RDX/ 
TNT-filled shell.  However, recent RARDE work examining the phenom- 
enon of explosiveness has shown that, under conditions of moderate 
confinement, TNT burns at only about one-half the velocity of RDX/ 
TNT. This means that it is probable that TNT filled shell would be 
expected to be involved in more in-flight rather than in-bore 
premat-'res whereas the opposite would be true for RDX/TNT-filled 
shell. 

Table 2 confirms the suspected low set-back sensitiveness of 
RDX/Wax and HMX/Wax compositions, even 95/5 Explosive/Wax composi- 
tions being significantly less sensitive than RDX/TNT. This forms 
the basis for the view that pre-pressod charges of these compositions 
are worthy of consideration for HEAT shell especially since those 
with explosive contents in excess of about 90% perform better than 
RDX/TNT 60/40 in shaped charges. 

Table 4 shows that the grit sensitisatlon of RDX/TNT is very 
marked over the entire range of particle sizes for both cast iron 
and corundum. Moreover, this sensitisatlon is over and above that 
due to what would be regarded as a gross defect in a shell, namely a 
0.8 mm deep sealable cavity. The mechanism of grit sensitisatlon in 
the presence of a compressible cavity is probably a combination of 
intrusion and adiabatic heating. The largest particles will be 
heated the least but intrude to the greatest extent, whereas the 
smallest particles would be heated most but intrude the least. The 
middle fraction of both types of grit has the greatest sensitising 
effect, probably as a result of the combination of these two effects. 
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CONCLUSIONS 

The Vertical Activator has shown itself to be a versatile tool 
in the study of the ssnsitiveness of explosive« to stimuli similar 
to those experienced by munitions subjected to gun launch conditions. 
The instrument is simple, rapid and cheap to use and relatively 
straight-forward to instrument, although little instrumentation work 
has been carried out to date. 

The Activator has been extremely useful in the study of pre- 
mature initiations and has demonstrated the extreme hazard of gritty 
inclusions in shell cavities.  This conclusion has led to an improve- 
ment in the inspection techniques for shell.  II has been very 
useful in the assessment of potential new shell fillings. 

Copyright  (Ü) Controller, HMSO, London, 1977 
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Table 2 

Comparison of the set-back sensitiveness of different 
explosives (2 X 1.6 mm concavity discs) 

Explosive Loading 
Method 

Median height 
(m) 

P of 1 
(RDX = 80) 

  
Velocity of. 

Dtonation (ms    ) 

RDX/TOT 60/40 ?ype A Melt pour 2.16 130 7700 

TNT Melt pour 2.50 160 6930 

Torpex At Melt pour 3.50 130 6800 

RDX/Pu 88/12 Pressed 3.73 90 8100 

ffi)X/Wax/Al 68/12/20 Hand stemmed 0.74 140 6800 

RUX/iiax/Al 68/12/20 
+-,> Terylene fibre 

Hand stemmed 1.34 140 6800 

fciDCU Kelt pour 2.12 80 8400 

RDX/Wax 8 88/12 Pressed 4.61 140 7700 

RDX/Wax 8 91/9 Pressed 3,51 130 770Ü 

RDX/»/ax 8 93/7 Pressed 3.14 120 8200 

RDX/Wax b 95/5 
Smeared) 

Pressed 2.91 110 8300 

hTJC/Wax 8 95/5 
(smearetj 

Pressed 3.04 95 8700 

Tetryl Pressed 4.20 90 7850 

Table 3 

Effect of the concavity of the polythene discs 

\  
Sx plosive Disc concavity 

(mm) 
Median height 

(.) 
Standard deviation 

(m) 

RDX/TOT 60/40 Type A 0.8 

1.6 

2.4 

2.45 

2.16 

1.70 

0.25 

0.22 

0.23 
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ABSTRACT 

The purpose of this paper is to describe a method of quantitatively 
evaluating the tendency of explosives and propellants to undergo a 
deflagration to detonation transition (DDT).  The method uses burning 
94/6 RDX/wax as an auxiliary gas loader to produce DDT in materials 
which are too slow burning to show transition under self gas loading. 
No attempt has yet been made to develop this method into a standardized 
test.  Instead we used the apparatus and instrumentation from a 
continuing long range study of DDT*>2 to obtain data needed for 
sensitivity ratings. 

Earlier studies have shown that the first necessary condition for 
DDT is a rapid pressure buildup, generally in the ignition area of our 
setup.  The RDX/wax mixture, with its rapid burning production of gases, 
satisfies this condition.  It can be used at a fixed density to 
determine the critical length (&gC) just necessary to cause transition 
in each material.  In other cases, it can be used at a fixed density and 
a fixed Length.  Then the predetonation column length (&') or a relative 
time to detonation is used as a sensitivity index.  This application, 
however, is valid only for compar' ons at the same charge permeability 
whereas (^gc), more tedious to measure, has validity as a general index. 

INTRODUCTION 

It is generally recognized that secondary explosives as well as 
primaries can undergo a deflagration to detonation transition (DDT). 
Such a transition from the burning to the detonating mode, when it 
occurs in the high explosive (HE) used as a shell fill, can cause an 
in-bore premature during gun firing.  Because DDT under such conditions 
can cause a great deal of damage, we were asked to devise a method of 
assessing the tendency of HE to undergo such a transition. 

It is far from a simple problem to obtain any sensitivity rating. 
That for DDT is particularly complex since the phenomena involved range 
from simple combustion all the way to a shock to detonation transition 
(SDT) which must terminate any successful DDT. Moreover, any quanti- 
tative rating requires a positive result; failures cannot be placed on 
a rating scale. Finally, all results will inevitably be tied to the 
conditions of the experiment; those conditions may or (more generally) 
may not approximate the conditions of use. 
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There are many reasonable ways in which to attempt to find the 
desired sensitivity rating.  Because we were already studying the 
mechanism of DDT, we incorporated the sensitivity problem into our 
studies.  In other words, we used the same apparatus, and applied 
information available from previous work as the most expeditious way 
to obtain a method of rating sensitivity.  To obtain positive results 
from insensitive materials, an auxiliary gas loader (94/6 RDX/wax) 
in a rapid burniug but nondetonating column is inserted between the 
igniter and the test explosive.  The rapid pressure buildup that 
results, coupled with ignition and subsequent burning of the explosive, 
is sufficient to induce DDT* in explosives such as porous TNT, 
Explosive D, and cast Composition B which do not show the transition 
in our apparatus under self-loading.  It is the purpose of this paper 
to report sensitivity ratings obtained in this way, i.e. by varying the 
ignition system with an auxiliary gas loader. 

EXPERIMENTAL ARRANGEMENT AND PROCEDURE 

The experimental setup and procedures have been described in detail 
elsewhere^.  In brief, a seamless steel tube (16.3 mm ID, 50.9 nm OD) 
with heavy end closures was used.  The length of the B/KNO3 ignitor 
column was 6.3 mm; the length of the explosive column was 295.4 mm.  In 
the present work, the gas loader is inserted between the ignitor and 
the test explosive; the explosive column length is decreased accordingly. 
See Figure 1. 

Explosives were taken from commercial lots and satisfy the relevant 
military specifications.  The same lots as those of the previous work 
were used; the weight mean particle sizes were ammonium picrate (285M^, 
TNT (325M), RDX (200M) and Tetryl (470 & 160M).  The carnauba wax 
(125M) and the blending procedures were also those used previously. 

The r'jxiliary gas loader used throughout is a mechanical mix of 
94/6 RDX/wr.x.  It will be referred to as the loader. 

The DDT tube is instrumented with ionization probes and strain 
gages to monitor ionization fronts and internal pressure, respectively. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Gas Loader 

The basic concept of these experiments is that the gas loader chosen 
reacts only in the burning mode, i.e., does not itself build up to 
either a shock or a full scale detonation capable of initiating the 
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test material.  For this reason the loader has been examine for its 
behavior under self-loading.  Over the range of 70 to 97% TMii, the 
predetonation column length A varied from a minimum of 92 mm to a 
maximum of 135 mm-*.  In general, the loader length used &g was vy/, 
1 or less. 

Most of our experiments have been designed for an approximate 
permeability match between loader and test material.  In general this 
also means an approximate match of loading densities and impedance as 
well. 

Experiments at 70% TMD 

Each of the shots reported were fully instrumented.  Hence for each 
there is the usual set of space-time and strain-time records.  However, 
a third of these records have been reported , and the rest will be 
reported shortly in a WOLTR.  Since the main interest here is not on 
mechanism, only one space-time record will be given; it will be used to 
illustrate the parameters that can be measured in each shot.  (Previous 

i .  . 
work has already indicated that the mechanism of DDT is the same 
whether a loader is used or not.) 

Figure 2 is the space-time plot for Shot 409:  70% TMD Explosive D 
with 19.6 mm 70% TMD loader.  It shows the convective flame front 
(0.39 mm/ps), the postconvective (PC) compression front (1.1 mm/ps), 
and the detonation front (5.7 mm/ys). The parameters that can be 
measured, in addition to front positions and velocities, are predeto- 
nation column length, I'  = A-£ where Ü  and Ag are both measured from 
the igniter/loader interface, and various time intervals. Thus, 
Atn is relative time to detonation from ionization pin response at pin 
1 or 2.  Similarly Atp is relative time to formation of the PC wave at 
the same pin location.  Finally 

AtE " AtD - AtP 

would represent the relative time to detonation after the PC wave had 
formed at the particular pin location chosen. 

Table 1 contains the data collected from four different explosives 
at 70% TMD subjected to the same length of auxiliary gas loader 
(J,g «/* 20 mm, 70% TMD).  It is quite evident from the tabulation that 
the predetonation column length (£.') varies in the opposite direction 
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from the relative times AtD and Atp.  On the other hand, the correlation 
between I' and Atg (time to detonation relative to the formation of 
the PC wave at the first pin) appears good.  From Figure 3 either £' 
or Ati? will give the same rating for these 70% TMD charges. 

Experiments at 88% TMD 

Table 2 contains the data collected from five different explosives 
at 88£ TMD subjected to the same length of auxiliary gas loader 
do  = 19.1 mm, 88^ TMD).  In contrast to the more porous charges, &' 
an? Atg exhibit the same trend.  This occurs because the compacted 
charges show either no convective front or one that is rapidly replaced 
by a  compressive front.  (See, for example, Figure 7 of reference 1). 
Thuf AtQ ^ Atj? here.  Nevertheless, Atg still shows a better correlation 
wiri< I'; the latter is illustrated in Figure 4.  As in the previous 
section, either I'   or Atg will give the same rating for these 88% TMD 
haryi!.-.  Both sets of results confirm that, of the porous HE tested, 
Fxplosive D is the least sensitive to DDT and TNT is the next best 
shell fill, candidate in this respect.  Nevertheless we have ratings for 
sensitivity to DDT at two compactions on two different scales.  Of 
course the loader length and density must be specified with the rating 
number, > st as the P-t profile must be specified with the corresponding 
r>in length or ■Jme interval in SDT. 

We could hav;' avoided using either &' or Atg by determining the 
critical ; ider length, £g  for each charge.  The rating would then be 
given by the c:Uical values, each of which would require two or more 
shots for a det omination.  However, this would not suffice to compare 
charges of two difierent compactions.  To do this we must abandon the 
experimental design .£ the same compaction of loader and test explosive. 
Instead, the higher compaction loader is used for both charges.  (This 
is basec' on the assumption that sensitivity to DDT decreases with 
decreasing permeability and active surface area as it does for 
Explosive D*).  Then the critical £,, values should serve to rate charges 
of various compactions as long as the range in sensitivity is not too 
great. 

Cast Explosives 

The U.S.  Navy still uses pressed shell fills, but other U.S. 
services and other countries prefer cast fills.  With the more general 
availability of plastic bonded materials, the Navy too is considering 
castable filts.  Hence the present procedure was modified to examine 
cast charges. 
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Since loader and test material cannot both be cast into the tube to 
form known compositions on either side of a planar interface, it was 
decided to use high density (ca 95% TMD) pressed 94/6 RDX/wax as the 
loader.  The test explosive is cast into the tube with a metal spacer 
in the gas loader position. When the test material has hardened and 
the tube has been conditioned at 25°, the loader can be inserted into 
the cavity provided by the spacer.  The isostatically pressed loader is 
machined into a cylinder of the desired size (0.636 in. dia.). The 
curved surface of the cylinder is then covered with a thin layev of an 
uncured polyurethane (PU) mixture.  The loader cylinder is then "slip- 
fit" into the metal tube (ID 0.64.' in.) with care to avoid trapping 
any PU at the loader/explosive interface; PU at the ignitor end of the 
cylinder is avoided by glueing the gas loader and ignitor together 
before applying the PU. Cure time at room temperature for this PU is 
24 hours.  After that interval, the annular space between the gas 
loader and the metal tube is filled with solid; this eliminates any 
possible "flash-down" from the ignitor toward the test explosive. 

Preliminary tests showed that our usual column length of 295 mm 
(loader plus test HE) was inadequate to produce a transition in cast 
Comp B (60/40/1, RDX/TNT/wax).  Consequently, a column length of 410 mm 
has been used for most of the shots on cast HE. Even so, Comp B is 
the least sensitive cast HE on this sensitivity scale. 

The positive results we have obtained are listed in Table 3 and 
sketched in Figure 5.  It is quite evident that in order of decreasing 
sensitivity the castings are pentolite, cyclotol, and Comp B. A 
quantitative ordering can be obtained by using a 50 or a 60 mm loader 
length and measuring &', or by determining &g in each case.  Negative 
results were obtained with a 60 mm loader on cast TNT.  Evidently the 
experiment must be further modified to obtain a scale covering more of 
the less sensitive castings. 

Hoviver, the present results make it very clear that good castings 
will be far less sensitive to DDT than pressed charges. Thus pressed 
TNT (88% TMD) showed a transition when loaded with 19.1 mm 88% TMD 
loader whereas cast TNT failed to show a transition with 60 mm 95% TMD 
loader (i.e., 3.4 times the mass of the 882 TMD loader). Moreover, cast 
pentolite (50/50 PETN/TNT), a relatively shock sensitive HE, required 
40 mm 95% TMD loader to produce a transition at the same predetonation 
column length exhibited by 88% TMD 91/9 RDX/Wax loaded by 19.1 ram 
88% TMD loader (i.e., only 44% of the mass of the 95% TMD loader). Since 
cast pentolite is more shock sensitive than 88% TMD 91/9 RDX/Wax, there 
must be another factor that makes it less sensitive to DDT. An obvious 
factor differentiating cast and pressed HE is the available reactive 
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surface area.  Hence with all other factors the same, pressed charges 
would be expected to exhibit DDT more easily than cast because they 
have more internal burning surface and thus produce more gas products 
and greater pressure buildup in less time. 

These results do not guarantee that a shell filled with any cast 
HE will be less sensitive than a press filled charge.  The sensitivity 
to DDT will be determined in large part by the surface available for 
burning; that can be minimized in a casting only by avoiding cracks and 
annular spacings resulting from large volume changes during cooling or 
setting of the charge.  From the present results we recommend that the 
ideal shell loading (ideal in that it is most resistant to DDT) is a 
cast material of negligible volume change on solidification and 
sufficiently rubbery to avoid cracking under rough handling; its 
explosive components should, of course, be relatively insensitive. 

General Control Problems 

The transitional portions of the DDT process are neither equilibrium 
nor steady-state behaviors; they are therefore difficult to reproduce. 
Moreover, the physical factors (e.g. initial particle size, permeability, 
etc.) have a very large effect on the results.  Consequently, we X-ray 
each charge before instrumenting it.  To be sure, this is not an 
extremely sensitive test, but we can be sure that if it detects cracks, 
density gradients or other heterogeneities, the charge should not be 
fired. 

From past experience with pressed charges, we estimate the scatter 
of the data in any given investigation of trends to be of the order of 
magnitude of +^10%.  This is also the size suggested by the apparent 
reversals in sensitivity of 88% TMD tetryl vs 88% TMD Comp A, according 
to whether I'   or Atg is used for rating.  The difference between these 
two HE at 88% TMD is considered experimentally insignificant. 

We have not yet run enough tests on cast HE to estimate the scatter, 
but the large role played by the physical form of the charge is still 
very evident.  Thus in an attempt to increase the range to include less 
sensitive materials, we tried increasing the charge diameter (ID/OD 
was kept constant).  But this increased the solidification time of the 
charge which, of course, affected its crystal size.  We believe this 
is why I'   for cyclotol and Comp B increased with larger tube diameter 
and the same 2. . 

g 
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It should be emphasized again that the present results are 
reflecting the present experiment.  It is carried out under very high 
confinement and charge support. Many uses of both explosives and 
propellants are under little or no confinement and with little physical 
support.  In fact, some damaging effects result from a charge breakup 
which is largely avoided in the present experiment.  Hence the present 
results offer guidance to sensitivity to DDT, but their rating is not 
necessarily that which will be found in the application. 

Finally, any test development of this method should explore the 
effect of varying test conditions:  length, diameter, finish, and 
confinement (ID/OD) of tube.  In addition, an investigation should be made 
of variation in charge preparation:  (1) pressing by increments into the 
tube vs isostatic pressing, machining and potting of the charge and 
(2) change in rate of cooling of cast charges with tube diameter. 

SUMMARY AND CONCLUSIONS 

Sensitivity of HE to DDT can be rated in the present apparatus by 
use of an auxiliary gas loader.  Several ways of obtaining a quantita- 
tive rating are pointed out, and such ratings are presented for pressed 
charges at 702 and 88% TMD.  Work on evaluating cast charges is still 
preliminary, but results are sufficient to indicate that castings are, 
in general, less sensitive to DDT than pressed charges. 
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Tafale 3 
Rating of Cast HE by Gas Loading With 95% TMD 94/6 RDX/Wax* 

Shot No. 

908 

1003 

1415 

1409 

1206 

1309 

* 410 mm Charges 
**295 mm Charges 

Explosive (Cast) Ag (mm) A' (mm) 

Pentolite 50/50** 40 79 

Cyclotol 75/25** 40 244 

Cyclotol 75/25 50 212 

Cyclotol 75/25 60 169 

Composition B 60 253 

Composition B 50 311 
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50 100 
RELATIVE TIME AtE </iSi 

FIG. 3   PREDETONATION COLUMN LENGTH VS RELATIVE TIME At 
FOR 20mm LOADER AT 70% TMD 
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50 100 
RELATIVE TIME At£ (MS) 

F!G. 4 PREDETONATION COLUMN LENGTH VS RELATIVE TIME 
AtE FOR 19 mm LOADER AT 88% TMD 
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A NEW TECHNIQUE FOR DETERMINING THE   * 
SHOCK INITIATION SENSITIVITY OF EXPLOSIVES 

Alfred C. Schwarz 

Sandia Laboratories 
Albuquerque, New Mexico  87115 

♦This work was supported by the Energy Research and 
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Abstract 

A new technique for determining the shock initiation sensitivity 
of explosives is described.  It involves a flyer plate impinging upon 
tiie test explosive to induce initiation of detonation. An electrically 
exploded foil propels the flyer plate, which is a thin disk of polyimide 
(Kapton) 1 mm in diameter; the charging voltage applied to the capaci- 
tor discharge fireset is used to preselect the desired velocity of the 
flyer plate.  Its impact on the explosive introduces a rectangular 
pressure pulse, P, whose amplitude depends on the velocity of the flyer 
at impact and the shock properties of the flyer and the explosive. The 
duration of the pulse, x, depends upon flyer thickness. The test ob- 
jective is to establish the critical pressure at a given duration which 
results in a 50% probability of detonating tue explosive. The data, 
presented in a log P-log x plot, generate a demarcation line between 
detonation and nondetonation regions. 

In our experiments the impact pressure was in the range of 1 to 
10 GPa and the duration from 0.039 to 0.070 ps. We evaluated pentaery- 
thritol tetranitrate (PLTN) and three forms of hexanitrostilbene (HNS). 
For both materials the variation of the threshold stimulus with initial 
compaction density was measured. Since a single flyer thickness was 
used in all but one of the experiments, the data for each explosive give 
only a single value (P, X) on the demarcation line which separates 
detonation from nondetonation. Additional tests with other flyer thick- 
nesses are needed to define this line over a broad range of x. 

This new technique employs conventional laboratory equipment and a 
simple, inexpensive test device. The initiation stimulus may be ex- 
pressed in a clearly defined form which is directly applicable to safety 
or performance computations. 
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Introduction 

The initiation sensitivity of explosives has been measured by many 
methods, oome of the more common ones are included in Table 1. These 
and similar tests provide useful information to the experimenter and 
permit the ranking of explosives according to their relative sensi- 
tivity values. One serious limitation of these tests is that the input 
stimulus delivered to the explosive lias not been quantified. Rank-order 
lists generated by one method are often different from rank-order lists 
generated by another method. A more complete characterization of the 
input stimulus might explain some of these anomalies or sensitivity 
reversals. Two such cases have been analyzed (1) which confirm this 
need for an accurate definition of the input stimulus. 

The impact of a thin flyer plate on an explosive provides a repro- 
ducible means for applying a pressure whose intensity, P, and duration, 
T, are independently controlled. Walkei and Wasley (2) have shown that 
an independent assessment of P and T is essential to define the thresh- 
old initiation sensitivity based on the critical energy concept for 
explosives such as PBX-9404 and TNT. DeLongueville showed that some 
explosives do not follow the cirtical energy concept but can be charac- 
terized by a critical curve in the pressure-time plane (1). 

It is the intent of this report to describe a test method which 
utilizes a simple, flyer-plate impact system to provide a fully charac- 
terized input stimulus for initiation sensitivity testing. This device 
can be used to map out the critical lines or curves which describe 
sensitivity to shock for explosive materials. 

Experimental Technique 

lest Device 

A small test device, identified as the TC-817, was used to provide 
the input shock stimulus. This device, which was originally conceived 
by btroud (3J, is shown in Fig. 1 along with the acceptor pellet. The 
firing set was a capacitor discharge unit which, when discharged, 
applied a current pulse through the metal bridge-foil; this vaporized 
the foil, propelling the Kapton flyer to the desired impact velocity. 
The velocity determined the impact pressure intensity and the flyer 
thickness determined the pressure duration. Since the shock impedance 
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of the flyer was less than that of the explosive, a well-controlled, 
single-step, rectangular pulse was introduced into the test explosive. 

Two methods were used to calibrate the flyer velocity as a function 
of electrical input. The streak camera method is illustrated in Fig. 2. 
The camera was a ueckman and Whitely Model 18y which provided a timing 
accuracy of ±  i/49o and a total measurement accuracy over short flight 
distances of approximately ± 5%. 

During a test on the TC-817, light is produced when the copper foil 
bursts. Since Kapton is transparent, light can travel through the flyer 
during the free-flight period. Hence, light is transmitted through the 
iucite window and is observed with the camera. When the flyer impacts 
the Iucite, the stress produces changes in the optical properties of the 
iucite indicating the time of impact of the flyer on the window. Using 
onset of light from the foil as the start time, total flight time can be 
determined over a preselected interval. Therefore, average flyer veloc- 
ity can be computed. The streak camera records showed that the center 
of the flyer impacted the target first (by as much as 0.05 us). 

A second and more precise method, VISAR,* was used to measure the 
entire velocity history. Different histories were measured as a func- 
tion of charging voltage. From these data velocity versus displacement 
was computed, and it was determined that a flight distance of 0.38 mm 
was an appropriate standoff distance for the flyer to reach ^O9.; or more 
of terminal velocity. 

Figure 3 shows the flyer velocity for this standoff distance versus 
charging voltage. The streak camera data are also given for comparison 
but were not used in subsequent calculations. The data in Fig. 3 apply 
only to a specific firing set whose lumped circuit characteristics match 
those given (C = 5,32 uF, L = 180 nH, R = 88 mo). The circuit impedance 
plays a significant role in establishing flyer velocity. 

A more fundamental plot (5) of the data, flyer velocity versus 
burst-current density (burst current/cross sect'on of foil), is given in 
Fig. 4. This presentation is independent of the circuit characteristics. 
Note that the fit is linear when the burst-current density is greater 
than 400 GA/nr. The nonlinearity below 400 GA/m2 probably results from 

1  
Acronym for Velocity Interferometer System for Any Reflector; 
operational details in kef. 4. 
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the influence of flyer shear properties and other edge effects. Since 
velocity measurements by VISAR are accurate within ± 1% and burst- 
current density measurements within ± 2%, system accuracy within ± 2.5% 
is reasonable for the data in Fig. 4. 

A charging voltage of about 600 V (corresponding to a burst-current 
density of 180 GA/nr) represented the minimum electrical input for which 
any flyer velocity was achieved; at less than 600 V the flyer was per- 
turbed by the electrical discharge and showed some bulging, but did not 
siiear out and achieve free flight. 

Test Procedure 

The following step-by-step procedure was used to conduct an initia- 
tion sensitivity test on a typical explosive. 

1. The group of test devices were assembled per Fig. 5. 

2. The charging voltage was preselected to provide the desired 
flyer velocity (e.g., 2000 volts for 2.40 mm/us). 

3. For each shot the current through the bridge-foil and the 
voltage across the foil were recorded on oscilloscope 
traces (see Fig. 6). Burst current was that value in 
time at which the voltage peak occurred. Explosive response, 
i.e., detonation or nondetonation, was noted by measuring 
the time from flyer impact to shock output and comparing 
this value with that calculated for steady detonation. 
Rough equivalency of timing indicated detonation. Dent 
block response was also noted.  Lack of an audible "bang" 
supported by lack of powder consumption were obvious 
indications of nondetonation. 

4. An "up-down" method, in which the charging voltage was 
adjusted upward after a nondetonation and downward after 
a detonation, was used to determine the threshold voltage. 
Threshold voltage is that value of charging voltage on 
the firing set which, when discharged, results in a flyer 
velocity sufficient to induce a 50» probability of initia- 
tion to detonation.  In these early experiments, only 
five to nine samples were expended per test; a more rigor- 
ous application of the Bruceton technique (6) with a larger 
sample size would improve the statistical accuracy of the 
data. 
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5. The burst current density was determined at the threshold 
voltage and the corresponding flyer velocity, V£, was 
taken from Fig. 4. 

6. Shock pressure, P, at the explosive surface was deter- 
mined graphically per Fig. 7 using V£ and the Hugoniot 
data on the unreacted explosives and Kapton (Appendix A); 
pressure duration, x, was computed as illustrated. 

Test Results 

Shock sensitivity data for several explosive types are contained 
in Table II; these include three different forms of HNS and one form of 
PLTN along with initial density variations for each of the two kinds of 
explosives. The data are also presented graphically in the log P-log x 
plots of Figs. 8 and 9. 

The demarcation line separating detonation from nondetonation for 
PLTN is shown in Fig. 8.  The slope of the line was shown as -1/2 based 
on some unpublished data. A sharp dependence on initial density is 
clearly shown. Low density PLTN is relatively shock sensitive and is 
not much different from the single crystals of ß-lead azide reported on 
by Chaudhri (.7). That datum is included for comparison in Fig. 8. 
This does not imply that the present usage of PLTN is hazardous, but it 
should encourage caution in applications where shock environments might 
provide sufficient stimuli. Of course shock is only one of several 
hazard environments, including electrostatic fields, which affect the 
selection of an explosive. 

IL>S data are given in Fig. 9. 1LNS-II has the largest particle 
size U5*J M'l. mean length); 11NS-1 and ilNS-SF are finc-particle-size 
materials (3i and 7 um, respectively) and HNS-SF is supposed to be 
purer than lUS-I. The data show that HiNS-11 is less sensitive than 
either of the other two forms; no investigation was instituted to 
correlate different performance with specific chemical or physical 
properties, altnough particle size probably has some effect. 

The role of original density upon sensitivity is illustrated for 
iL*b-5F; the trend toward increased sensitivity, as density was de- 
creased, duplicated the results obtained for PLTN. 
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3 
An additional datum for HNS-SF at density of 1.50 Mg/m was ob- 

tained with a flyer whose thickness was 0.127 mm, providing a i of 
0.070 microseconds. The demarcation line separating detonation from 
nondetonation was assumed to be a straight line connecting the two 
points; taese data indicate the slope of the line to be approximately 
-1/4, considerably different from that for PETN. The slope of the 
demarcation line is believed to be a significant sensitivity parameter, 
but experimental verification is needed. 

The "excess transit time" data of Table II indicate that all sam- 
ples initiated promptly. 

On each experiment where the flyer velocity was just below the 
threshold for initiation, post-mortem examination revealed a cavity in 
the explosive sample. Generally there was evidence of melting based on 
the glassy appearance of the ill- surface. 

A measure of the precision or repeatability, of this test technique 
is illustrated by the plot of Fig. 10. The constancy of performance is 
shown for a 2-year time span for HNS-SF when gaged both by burst-current 
density at initiation threshold and by impact pressure at initiation 
threshold,  it is of interest that the mean pressure at threshold for 
the 2-year period was 0.8 ± 0.1 GPa. 

Conclusions and Recommendations 

A new technique, employing conventional laboratory equipment and a 
simple test device, has been used to provide shock initiation sensitiv- 
ity data. The initiation stimulus may be quantified. The stimulus is 
regulated by firing-set charging voltage, on a finely adjustable basis. 

It was shown that the test is capable of providing initiation 
sensitivity data wnich distinguishes differences between explosive types 
LPfc'l'iH, tub). 

It was shown that the test is able to distinguish changes in 
sensitivity due to differences in initial density (.PLTN, HNS) and to 
differences in morphology (UN'S). 

it was shown that the test has the potential for good precision. 
Planned future werk includes the following: 
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• Obtain P-T sensitivity data for a range of pulse durations 
so that an accurate demarcation line may be established 
for each sample formulation. 

• Improve the one-dimensional character of the test. 
This includes providing better flyer planarity at impact 
and assuring adequate flyer diameter, especially for ex- 
plosives that exhibit long growth-to-detonation distances 
or large "critical" diameters. 

• txtend the flyer velocity achievable in both directions. 

• Expand the data bank of liugoniot data for unreacted 
explosives (or other energetic materials). 

535 

-- ■ ■-  -■ 



References 

1. Dr. Y. de Longueville, "Behavior of Various Condensed Explosives 
Subjected to Shock Waves Calibrated in Intensity and Duration," 
5th International Colloquium on Gas Dynamics of Explosions and of 
Reactive Systems, Bourges, France, September 8-11, 1975 

2. F. E. Walker and R. J. Wasley, "Critical Energy for Shock Initia- 
tion of Heterogeneous Explosives," Explosivstoffe 1_7, 9, 1969 

5. J. Stroud, "A iNew Kind of Detonator - The Slapper," presented at 
American Defense Preparedness Association meeting at Lglin AFB on 
April 6-7, 1976, preprint UCRL 77-659, Lawrence Livermore Labora- 
tory, February 27, 1976 

4. R. A. Lederer, S. A. Sheffield, A. C. Schwarz, and D. B. Hayes, 
"The Use of a Dual-Delay-Leg Velocity Interferometer With Automatic 
Data Reduction in a High Explosive Facility," t»tsi International 
Symposium on Detonation, August 24-27, 1976 

b. T. J. Tucker and P. L. Stanton, "Electri:ai C-urney Energy: A New 
Concept in Modeling of Energy Transfer From Electrically Exploded 
Conductors," SAuD73-0244, Sandia Laboratorien, May 1975 

6. D. A. Edelraan and R. R. Prairie, "A Monce Carlo Evaluation of the 
Bruceton, Probit, and Une-Shot Methods of Sensitivity Testing," 
SC-RR-6b-59, Sandia Laboratories, March 1966 

7. M. M. Chaudhri, "Shock Initiation of Fast Decomposition in Crystal- 
line Solids," Combustion and Flame 19 U(->72), pp 419-425 

8. J. N. Ayres, "Standardization of the SmaU Scale Cap Test Used to 
Measure the Sensitivity of Explosives," ..AVNEPS Report 7542, 
January lo, 19ul 

9. Army Materiel Command, "Properties of Explosives of Military 
Interest," USAMC Report 7U6-177, 1972 

1Ü. B. M. Dobratz, "Properties of Chemical Explosives and Explosive 
Stimulants," UCRL-51319, Rev. 1, Lawrence Livermore Laboratory, 
July 31, 1974 

11. Ü. L. Mitchell, S. A. Sheffield, and D. B. Hayes, "The Equation of 
State of Unreacted HNS Explosive," SAND7(>-0U)9, Sandia Labora- 
tories, May J97O 

536 



TABLE I 

Some Common Initiation Sensitivity Tests 

Test Method 

Small Scale Gap Test 

Rifle Bullet Impact 

Susan Test 

Drop Hammer Impact Test 

Skid Test 

Reference (No.) 

Ayres (8) 

USAMC (9) 

Dobratz (10) 

USAMC (9) 

Dobratz (10) 
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HOUSING 
I     FLYER 
^—^ LUCITEIPMMA) WINDOW 

• Barrel Length, x 

• Light is Generated by 
Bursting Foil 

• Light Intensity Fluctuations 
are Related to the Double 
Transit of the Shock through 
the Kapton 

• Impact of Flyer/PMMA is Given S 
by a Sharp Change in Intensity; 
t is the Flight Time. 

-SLIT 

TIME 

WRITING SPEED 
10. Omm/jus 

,vf 

X2  " Xl 

Fig 2. Schematic Drawing for Streak Camera 
Measurement of Flyer Velocity 
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Fig 5. Schematic Drawing (Cross-Section) 
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SENSITIVITY OF HIGH EXPLOSIVES TO SHOCK STIMULATION: 

TESTS AND QUALIFICATION CRITERIA 

Dr. Peter Langen 

Bundesinstitut fur chemisch-technische 
Untersuchungen (BICT) 
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INTRODUCTION 

In the production, handling, application and transportation of 
explosives, a knowledge of their characteristic properties is essen- 
tial.  To obtain this necessary information, testiag methods were 
developed in the course of time that provided a means of determining 
the explosive characteristics of such substances on a laboratory scale. 

Especially the wish to guarantee safe transport by rail led in 
Germany at an early stage to the development of such sensitivity 
tests, in which the explosive is exposed to the c_ypes of stimulation 
thought to be most probably encountered during transport (i.e. im- 
pact, friction, heat). Among these are the BAM drop-weight and 
friction tests, which today are solely used in the Federal Republic 
of Germany for the determination of the sensitivity to impact and 
friction.  Their exclusive position is further corroborated through 
national and international regulations (EVO, RID) and the German 
Explosives Law (Sprengstoffgesetz).  Together with the Gap-Test 
introduced several years ago, they form the group of tests applied at 
the Bundesinstitut für chemisch-technische Untersuchungen (BICT) for 
the determination of the sensitivity of high explosives to shock 
stimulation. 

SENS TIVITY TO IMPACT 

Description of the Drop Weight Apparatus 

The sensitivity of explosives to impact is tested by means of 
the BAM drop weight test.  The apparatus is described in detail in 
several publications of Koenen et al (Ref 1,2) and is shown in Figure 
1.  It consists essentially of a cast steel block with foot mounted 
on a concrete base.  Imbedded in the steel block is the main anvil, 
on which an intermediate anvil with a die device containing the 
explosive sample is placed. Attached to the rear of the steel block 
is a column to which the guide rails are connected by means of trans- 
verse bars. The guide rails, provided with a ratched to arrest the 
recoiling drop weight, allow for the vertical movement of the drop 
weight and the release mechanism.  In addition to a protective box 
around the lower part of the apparatus, a suction device is provided 
for the removal of reaction gases and dust particles. 

The Drop Weights 

Drop weights of 1kg, 5kg and 10kg are used in testing.  Each 
drop weight is provided with a groove on either side to enable its 
movement between the guide rails. A holding device and a cylindrical 
impact piece of hardened steel complete the weight. 
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For heights of 10cm to 50cm, the 1kg weight is used, giving 
impact energies from 1 to 5 Joule.  Impact energies from 7.5 to 30 
Joule are received using the 5kg weight in connection with heights 
from 15cm to 60cm. Finally, employing the 10kg weight for heights 
from 35cm to 50cm, impact energies from 35 to 50 Joule are realized. 

The Die Device 

The substance to be tested is sieved and only the fraction 
with a particle size of 0.5 to 1mm used for investigation.  40cmm of 
the substance are enclosed between two coaxial steel cylinders held 
in place by a hollow steel guide ring.  This die device is positioned 
on the intermediate anvil with the aid of a centering ring having a 
ring of perforations for the escape of the reaction gases.  The plane 
surfaces of the steel cylinders in contact with the test substance may 
only be used for one impact test.  If an explosion occurs, the entire 
die device must be replaced for the next test. 

Performance of the Test 
3 

After the required quantity (40mm ) of the powdered, pasty or 
liquid substance to be tested has been measured out, it is placed in 
the open die device, whi.  '«  landing in the centering ring on the 
intermediate anvil.  The u,, r steel cylinder is carefully pressed 
down until it touches the substance.  With liquids, a gap of 1mm must 
be left between upper and lower cylinder, guaranteeing that the entire 
fluid is located between the plane surfaces of the cylinders. 

The entire arrangement is next placed on the main anvil and the 
drop weight and release mechanism are positioned at the desired 
height. After the protective box has been closed, the weight is 
released and the suction device actuated.  The test is performed six 
times for each height. 

Judgement of the Test Results 

In judging the results of the sensitivity test to impact, it is 
distinguished between the effects "no reaction", "decomposition" and 
"explosion".  Decompositions without flame or other report are recog- 
nized by smell, smoke or charring. 

The sensitivity of a substance to impact is defined by the drop 
weight and the lowest height from which in a series of six tests one 
explosion is realized.  These values are quoted together with the 
resulting impact energy. To allow for a more reliable judgement of 
the impact sensitivity of the substance tested, BICT data sheets 
generally show the entire spectrum of tested impact energies from 
six "none reactions" to six "explosions". 
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The variations in the mechanical characteristics of the drop 
weight apparatus lead to errors in the determination of the impact 
sensitivity of the explosive substances.  These apparatus-bound 
errors can be estimated from the standard deviations of the drop 
and impact times.  Since the measure of sensitivity is the energy, 
which is dependent on the square of the time, the relative deviations 
in the energies therefore are twice the coefficients of variation of 
the times. The apparatus-bound error is as a result, about 20% to 
25% in the worst case (Ref 3).  Errors of this order are known for 
other drop weight machines also.  For a technical testing method 
such as the BAM drop weight test, it is therefore not necessary to 
reduce the intervals between the used heights. 

SENSITIVITY TO FRICTION 

Description of the Friction Apparatus 

The apparatus used for the d<_termination of the sensitivity of 
a substance to friction has also been developed by BAM (Ref 1,4,5). 
As Figure 2 shows, it consists of a base plate of steel on which the 
actual device is mounted.  The porcelain plate, fixed on a sliding 
support, is moved with the aid of an electric motor, over a crank- 
shaft and a connecting rod.  Each movement, activated over a starter 
button, consists of a forward and backward motion of 10mm.  The 
holder of the porcelain rod carries the load arm which is provided 
with six notches for the positioning of one of the nine available 
weights. Load arm and rod holder can be pivoted for easy replacement 
of the porcelain rod. With the aid of an attached counter weight, 
the arrangement can be balanced in the zero position. When the rod 
holder is positioned on the porcelain plate, its longitudinal axis is 
perpendicular to it.  The desired loads are obtained by hanging one 
of the weights into the proper notch w;'h a hook.  Thus the rod load 
can be varied from 5 to 360 N. 

Description of the Porcelain Plates and Rods 

The plates are of white unglazed porcelain and measure 25x25x5mm. 
In order to increase friction, the two surfaces are roughened with a 
sponge prior to baking. The cylindrical rods are made of the same 
material as the plates. They are 15mm long, have a diameter of 10mm 
and rounded ends with a radius of curvature of 10mm. 

As the natural, unblemished roughness of the plates and rods is 
an essential condition for the reaction of the explosives tested, 
each may only be used once. 
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Performance of the Test 

In performing the test, a porcelain plate is fastened to the 
sliding support of the friction apparatus with its sponge mark in a 
transverse position to the direction of movement.  After the proper 
amount of the substance to be tested (10mm ) has been heaped on the 
plate, the rod is placed on the substance in such a way, that the 
major part of the sample is in front of the rod.  This is to guarantee 
that substance will come under the rod as the plate is set in motion. 
After a weight has been placed in the desired position on the load 
arm, the apparatus is actuated by pressing the starter button.  For 
each load, the test is performed six times. 

Judgement of the Test 

In judging the results of the test, it is distinguished between 
"no reaction", "decomposition", "ignition", "crackling" and "explo- 
sion".  The relative degree of sensitivity of a substance to friction 
is defined as the lowest rod load expressed in Newton at which igni- 
tion, crackling or explosion occurs at least once in the series of 
six tests.  It is assumed in this case, that ignition and crackling 
are already dangerous forms of reaction.  On the data sheet, the 
lowest load on the rod and the type of reaction observed are register- 
ed.  The sensitivity to friction of a substance increases with de- 
creasing weight on the porcelain rod.  The apparatus-bound error is 
about 10%. 

Liquids and pasty substances are usually not tested with the 
friction apparatus due to their lubricating properties and the 
resulting low heat development, which is not sufficient to cause ig- 
nition. 

SENSITIVITY TO SHOCK WAVES 

Description of the Gap-Test Used at BICT 

The Cap-Test used at BICT (Ref 6) determines the sensitivity of 
explosives to shock waves.  As in all gap tests, it is a measure of 
the. hydrodynamic shock required to initiate the detonation of a sample 
charge, called the acceptor, separated from a standard donor charge 
by an attenuating medium. 

Figure 3 shows the main test components.  The entire test assem- 
bly rests on a pedestal at a convenient working height.  A slit in 
the base plate takes up the leads of the electric squib, which rests 
in a vertical position in a hole in the central part of the plate. 
The blasting cap inserted in the squib supports the actual test arrange- 
ment.  Enclosed in a plexiglas cylinder with an inner diameter of 
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21mm, an outer diameter of 25mm and a length of approximately 100mm 
are the donor charge, the variable water gap, and above this, as 
acceptor, the substance to be tested. 

The donor charge is a 10g pellet of RDX with 5% wax and approxi- 
mately 0.6% graphite, measuring 21mm in diameter and 20mm in height 
and having a density of 1.60g/ccm.  The pellet is provided with a 
central hole of 7mm diameter and 15mm length for the insertion of the 
No. 8 blasting cap. 

The acceptor usually consists of a pressed or cast charge having 
a diameter of 21mm and a length of 40mm.  However, in specific cases 
the explosive can also be tested in the loose state, that is, as a 
powder.  It is then placed in a plastic receptacle inserted in the 
plexiglas cylinder.  This mode also allows for testing of liquid ex- 
plosive substances. 

For indication of the test result, a lead witness plate with one 
end of a detonating cord attached is used.  The plate is fastened to 
a steel pipe screwed into the base plate.  The other end of the deton- 
ating cord rests snugly on the acceptor charge.  A positive test 
result is registered on the witness plate in the form of a groove 
made by the detonating cord. 

Test Preparation 

The first step towards performing the test is that of assembling 
the necessary components in the plexiglas cylinder.  For this purpose 
the RDX donor charge is glued into one end of the cylinder.  After the 
household cement used for this purpose has hardened, the cylinder is 
filled with water to the desired height.  Next the acceptor charge 
is positioned in such a way above the water, that its lower end is in 
contact with it.  Care must be taken to avoid air pockets in the water 
gap.  'lygroscopic substances or substances that in the pressed state 
absorb water due to porosity are insulated at the contact area with a 
thin Layer of wax. 

The above arrangement is then set on the blasting cap, which 
has prior been inserted in the electric squib positioned in the ground 
plate as described.  After the free end of the detonating cord is 
placed on the acceptor charge, the test is performed. 

Determination of the Detonation Limits 

The location of the sensitivity values for a given explosive 
substance follows a fixed pattern.  Starting at an arbitrary height, 
a test is made.  If the substance fails to detonate at this value, one 
half of the height is used in the second test.  If a detonation is 
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registered, the second test is performed with one half of the value 
added to the first height.  This procedure is continued until a 
reversal in trend is observed, that is, a transition from failure to 
detonation or vice versa. The height for the following test is then 
fixed at the arithmetic mean of the last negative and the last posi- 
tive result, or vice versa. This pattern is maintained until a rever- 
sal in trend occurs with a change in height of only 1mm.  The ensuing 
trials are carried out by increasing the water gap by 1mm after a 
detonation and decreasing the gap by 1mm in the case of a negative 
result.  The procedure is continued until for one height three deton- 
ations and for another height three non-detonations have been regis- 
tered. 

For the particular explosive tested, these values are quoted 
in the data sheet in mm water gap and also, using the following 
equation, in terms of shock pressure in kbar. 

x 

P = P0 e 
Xo (1) 

p is the pressure at zero height and x is a parameter, that is 
constant for the given gap test arrangement. 

p = 58 + 3.1kbar 
o     — 

x = 13.5 + 2.2mm 
o      — 

Generally a substance is considered to be more sensitive to 
shock waves than another, when its detonation limit, given in mm 
H„0, lies above that of the other substance. 

New calibration measurements show the pressure dependence to be 
not represented exactly by the above equation.  For the pressure 
region below 25kbar first results show the pressure to lie about 20% 
above the values determined with the above equation. 

DISCUSSION OF THE TEST RESULTS 

Test results for several widely used military explosives are 
given in Figures 4 to 6. Of special interest are the results for 
Tetryl, as this substance is a reference explosive in many national 
and international regulations concerning hazard assessment and 
qualification for military use. 
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The impact test (Fig 4) gives a first reaction for Tetryl with 
the 1kg drop weight at a height of 40cm, which corresponds to an 
impact energy of 4 Joule.  Repeated impact testing shows, that the 
sensitivity limit of Tetryl can vary to some extent, often giving an 
impact energy for first explosion at 3 Joule (lkg,30cm) and occasion- 
ally at 5 Joule (lkg,50cm). Under consideration of the apparatus- 
bound errors, setting the limit for impact sensitivity at 4 Joule 
(lkg,40cm) seems therefore reasonable. 

With an impact energy of 3 Joule, corresponding to a drop height 
of 30cm and a drop weight of lkg, PETN is somewhat more sensitive to 
impact than Tetryl, whereas from the test results of TNT, RDX and HMX 
it is evident, that their impact sensitivities lie below the reference 
substance Tetryl. 

The friction test (Fig 5) shows Tetryl to be an explosive of low 
frictional sensitivity.  No reaction is registered up to a load on the 
porcelain rod of 360 Newton, a result equalled only by TNT.  On the 
basis of the values found, a rejection of explosives such as RDX or 
HMX would be necessary.  Since frictional properties, especially of 
explosives in the powdered state, are of secondary importance in 
ammunition however, the qualification limit for sensitivity to fric- 
tion has been arbitrarily set at 80 Newton, so that only the extrem- 
ely sensitive PETN is excluded for ammunition. 

Results of t:he gap test are compiled in Figure 6.  The detona- 
tion limit is given as the lowest attenuator height at which in test- 
ing three detonations are achieved.  The non-detonation limit, on the 
other hand, is defined as the lowest attenuator height at which three 
negative results are registered.  For attenuator heights below the 
detonation limit, detonation is attained regularly, whereas detona- 
tions are not found for heights above the non-detonation limit. 

Based on the test results for 'Ktryl pressed to a density of 
1.67g/ccm, the qualification limit for shock wave sensitivity is set 
at 20 to 23mm water gap.  This represents, according to equation (1), 
a shock pressure at the acceptor end of the attenuating medium of 
]3 to 10.5kbar respectively. 

Test values for PETN, RDX and HMX show these substances to be 
more sensitive to shock waves than Tetryl.  As a result, under the 
present qualification conditions, these explosives cannot be accepted 
for military use in the pure state, as for example in booster explo- 
sives. 
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CONCLUSION 

The methods applied for the determination of the sensitivity 
of explosives to shock were described and qualification limits pre- 
sented.  The difficulties of judging an explosive on the basis of 
the results of these tests are apparent. Although the methods are 
adequate for hazard assessment, they are worthy of improvement if 
they are to be used further for qualification purposes, since, for 
example, none allow a determination of the explosive characteristics 
in the state of use of the explosive substance. Also, as in the case 
of the drop weight test, the performance and judgement of the test 
and the test results are worthy of alternation, since a total of six 
tests at each height does not seem adequate for the determination of 
the behavior of an explosive to impact. Work towards this end is at 
present being undertaken. 
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Type of          Load 

Substance Reaction   and   on Porcelain Rod 

Tetryl no reaotion up to 360 Newton 

TNT no reaction up to 36O Newton 

PSTN crackling,beginning at 60 Newton 

RDX crackling,beginning at 120 Newton 

MX crackling,beginning at 120 Newton 

     - -    ... 

Fig 5 Sensitivity to friction:  BAM friction apparatus 
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SUMMARY 

In addition to the chemical purity, the sensitiveness of booster 
explosives depends upon several parameters as loading density, grain- 
size, grain-configuration, confinement, and so on. 

Among the qualification-tests for booster explosives a gap-test 
is most relevant to out-of-line safety.  The test also should be suit- 
able for the investigation of lead and small booster devices.  Further- 
more it is desirable to supervise the lot to lot variation of detonator 
output and lead- respectively booster-sensitiveness by a simple and 
economical test. 

Until today, in general during quality control, only the per- 
formance tests of explosive-train devices are routinely performed. 

An example will demonstrate the necessity for such a test. 
Finally it is pointed out a way which should come close to this goal. 
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INTRODUCTION 

The requirements of STANAG 3525 (1) contain the 
agreement, to separate the so called "primary explo- 
sive compositions" from the main filling of a war- 
head by a physical obstruction (shutter or inter- 
rupter). 
All explosives located behind the obstruction must 
meet a number of requirements concerning their 
insensitiveness. Especially the "booster-explosives", 
as used in leads, relays, detonating cords, and 
boosters may not have a higher sensitiveness than 
tetryl. 
riteria for the selection and acceptance of booster- 

exnlosives - as required since 1972 in the USA - 
are compiled in a manual for qualification of explo- 
sives (2). 
In addition the NATO AC/225, panel IV,2 (chemistry) 
is on the way to establish a STANAG, concerning the 
requirements for booster-explosives. 
Unfortunately the task - fixing test methods and 
limits of acceptance - is not fully adequate regar- 
ding safety purposes. The sensitiveness of chemical 
substances like tetryl is not only determined by its 
purity and chemical composition. In spite of this 
tetryl until to-day is used as a standard, it does 
not meet these requirements. The physical parameters 
(loading density, grain configuration, confinement, 
diameter and lenght of the charge) alter their sen- 
sitiveness considerable. 
Many test-methods do not allow to take above menti- 
oned points into consideration. 
Procedures like the VARICOMP (3) or simply a special 
sort of gap-test (4), (details see appendix), meet 
these requirements, because the influence of configu- 
ration and confinement must be considered likewise 
and simultaneously. 
Both methods employ a shock-wave-stimulus. According 
to Stresau and coworkers (5) the shock-wave initiation 
is the crucial stimulus among tests for classifying 
booster-explosives in the USA. 
Judging the sensitiveness of leads, the gap-test 
is employed in Germany with good results. As guide- 
line for acceptance presently wetake as a limit a 
23 - 27 mm water gap (corresponding to about 7-8 kbar 
initiating amplitude). 
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SAFETY CONSIDERATIONS FOR A SPECIFIC DEVICF, 

An example may explain reason and success of this 
procedure. 

Developing a new design for an impact fuze it was 
decided to take a detonator having a very low out- 
put and to separate the fuze-train behind the rotor 
by a closed wall, similar to that in the 20 mm Fuze 
M 505 A3 (6), see figure 1. 

Booster Rotor 

Figure 1 

Detonator 

20 mm Fuze M 505 A3 

The goal of this concept is to improve the results 
of the static detonator safety test (7). 
In a later stadium of development, however, an insuffi- 
cient reliability in detonation-transfer from detona- 
tor to booster was found. 
The improvement of reliability with a minimum of vari- 
ation in design-parameters was possible by two differ- 
ent ways: 

Providing a hole in the fuze bottom behind 
the detonator. This variation would deteri- 
orate the advantages concerning the detona- 
tor-safety test. 
Changing the booster-sensitivity. 
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'.Hie designer decided to follow the latter way in 
a very unusual manner: 
The first, booster conception had provided a 
plasticbonded RDX-loading with a sensitiveness 
comparable to tetryl loadings currently in use. 
The replacement of RDX by IU1X, grade B, without 
any additives and gently compressed (40 MPa 
6000 psi) gives a better reliability but was not 
satisfactory. 
The final procedure of booster loading by direct 
pressing in the case was the following (see 
figure 2): 

Picture 2 

step 1: Consolidation of the IMX  base-charge (2/3 of 
explosive amount) with a loading pressure of 
80 MPa (12 000 psi); 

step 2: Loading the second HMX - increment with a 
pressure of 40 MPa (6 000 psi); 

step 3: Insertion of a cup with sealing-disc and so 
disturbing the firmness of the upper HMX - 
pellet. 
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In Che asLemolea oooster-oevice, the 
the t-ealing-uisc was so loose, so tha 
was Tree flowing out if the disc was 
caution. 
ihe poor insensitiveness of this devi 
oy ehe gap-test (explosions D,y a wate 
corresponding to aoout 2,5 «bar). 
Kor i inaing out ehe reasons of the hi 
with the following assemblies gap-tes 
formed: 
a) Loaded boosters by manui'ac- 

turer filled wich tetryl or 
hii'iX. In each case the explo- 
sive had oeen pressed into 
the cup, and into the case. 
In oetween the explosive had 
oeen compacted Dy inserting 
and pressing the cup into 
the case only, see figure J. 

loaning Dehind 
t the explosive 
li fted with 

ce was detected 
r gap of 42 mm 

gh sen sitiveness, 
ts had oeen per- 

D) In our laooratory we reloaded 
the original cases from the 
oottom oy remowing it, lea- 
ving the upper part undis- 
turbed.The filling had oeen 
performed oy j>  pressure- 
increments, and the explo- 
sive had oeen tetryl in use 
for orcnance (6). 

results are summa- 
e 1. 
, chat tne devices 
cCurer show an 
gn sensitiveness. 

iiie gap-test 
rissen in taol 
On  may notice 
oi tne manuia 
unexoected ni 
Considering c 
loading press 
taole 1 - had 
applied ior i 
only, and oes 
exDlosive had 
explains ehe 

he fact! that the 
ure - snown in 
oeen apparently 

iiiing tne cup 
ices a line grade 
oeen used, this 

oehaviour. 
Figure $ 
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Contrary to shock sensitiveness of the assemoly 
another risic exist. 
With respect to re liability, a minimum donor output is 
required, which is tested by lead disk-, steel 
cent-, and similar tests (7)> which are insensi- 
tive to surplus output. A surplus output, however, 
may possibly leaa to a failure of the physical 
oDstruction. 
Up to now, no Known test yields a quantitative 
measure of the output of an individual detonator ( 9)« 
bince the aonor output  is a function of loading 
ciensity and charge length (10), the scanning gamma 
ray uensitomecer system, developed at Picatinny 
arsenal (11), may oe a controlling tool. 
we intend to use a barrier-test, similar to the 
examples in Appendix 2. dy the requirement of a 
no - go for a maximum Darrier Detween detonator 
ana lead or oooster an upper limitation of the 
output is obtained. It is projected to perform 
such tests from lot to lot. For getting a rele- 
vance to the actual case, the original fuze-train 
aevices together are to oe used for the test. 
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Table 1 

Shock-wave sensitiveness of boosters determined by 

gap-test. 

(aiTierent explosives, loading procedures and -densities) 

loading conditions 
loading water shock 
density gap cor. 
(g/nl)  (mm) (^kbar) 

original design 

PETN, fine, without additives   1,18 

Tetryl* (40 MPa = b 000 psi)     1,4 
maincharge free flowing 

HMX*   (40 lVLPa = 6 000 psi)     1,52 

HMX*  (öO MPa Si2000psi)     1,58 
maincharge low compacted 

Tetryl* (öO MPa = 12 000psi)    1,5 
maincharge low compacted 

Tetryl""^ 7 MPa = 1000 psi)    1,23 
granulated, ordnance quality 

Tetryl  (80 MPa = 12 000psi) 1,56 

42 2,5 
40 3 
30 6 

28 7 
27 8 

27 8 

25 9 

22 11 
granulated, ordnance quality 

■ loading pressure as stated by the manufacturer 
(loading density as determined by weight and dimensions) 

♦* reloading oy 3ICT into original cases from the bottom 
after delaborating the HMX-charges. 
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APPENDIX 1 

THE BICT GAP-TEST 
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APFJüMIX 1 

IVhrj rilCf ÜAP-l'j^>r 

The BICT gap-tesc evaluates sensitivity to deto- 
nation oy shock-waves. Tne test is normally used 
to determine the sensitivity of high explosives. 
In the presented i'orm it is modified for testing 
the shocic-sensitiveness of fuze-train devices like 
leaas and small boosters. 
In this test a hyurouynamic shock from the standa- 
rized RDX. - donor, "attenuated by a definite water-gap, 
is transmittet to the acceptor device. 

PROCEDURE 

Figure 1 is a drawing of the experimental assembly. 
It consists of a plexiglas tube (21/25 mm diameter) 
into which is glueo a pellet of 10 gramme RDX 
(5% wax, density 1,60 g/ml). The pellet contains a 
hole for insertion of a olasting cap. 
As a "gap", water of ambient temperature is filled 
aoove the oonor charge in order to attenuate its 
shock-wave as a function of its layer thickness. 
Tne acceptor devices are glued to smooth aluminum 
rods. The rod is supported by a perforated paperooard 
disc allowing an easy adjustment of the "gap" oetween 
donor ano acceptor. 
Tne plexiglas tuoe, preferaoly arranged in a thick 
walleu steel arum, retaining the fragments of rod 
and device, is Tilled aoove the RijX-pellet with water 
to tr.e oesirec level. Thereupon the test specimen 
attached to tne aluminum roa is introduced. The paper- 
ooard disc is set on the rim of the plexiglas tuoe 
and the rod is lowered until the acceptor device is 
contacting the water surTace. 
Aiter atsemDling the oonor with a blasting cap No.ö 
and a squio it is initiated remotely. ThanKS to the 
t:teel drum, the rod - and in case of no explosion 
mostly the device or its frap;;iients - can De recovered 
in a jiffy. Pne remainders give relevant ini'ormation 
on the reaction (fire or no fire; of the accentor. 
similar to Brucetons "up-uown" method, the tests are 
continuea until $  explosions on one side and 3 non- 
«.;xploeions on tne other fice have oeen achieved. 
."'or safety considerations mostly the gap is indica- 
ted wnere tne first explosion occurred. 
For more decuxis see (1;, (2), (j). 
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APPENDIX 2 

EXAMPLES FOP, SIMPLE BARRIER-TEST ASSEMBLIES 
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APPENDIX 2 

Examples for simple Darrier-test assemblies, 

Fig 2-1 The ilash-aetonator is initiated Dy a 
squib. Its output is attenuated by a 
snuggly i'itting metal-Darrier. In case 
oi explosion the witnessplate is dammaged. 

■ 
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Fig 2-2 The stao-detonator is initiatea by 
a stanaara i'iring pin. lös output is 
attenuated Dy a plastic-oarrier and 
a perforated disk: (original i'uze-device) 
Reaction of the oooster is indicated Dy 
damaging the steel-witnessplate. 
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DEVELOPMENT OF A FRAGMENT VELOCITY TEST OF 
DETONATOR OUTPUT 

W. E. Voreck 

Energetic Materials Division 
Large Caliber Weapons Systems Laboratory 

US Army Armament Research and Development Command 
Dover, New Jersey 07801 
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ABSTRACT 

In many explosive train applications, fragment impact is an 
important mechanism involved in detonation transfer.  Although it is 
not the only factor involved, fragment velocities are directly related 
to output.  Therefore, a direct measurement of fragment velocity is 
important for quality control and evaluation of new designs.  This 
report describes a new test method which measures relative detonator 
fragment velocities over a one-inch distance with a standard deviation 
of < 0.02 mm/ps, part of this variation being due to the test method, 
and part due to sample to sample variations. 

Improvements over prior test methods include:  (1) Use of a 20 mil 
aluminum cover over the stop switch to prevent premature closing by 
minor fragments or shock waves.  (2) Addition of a nonfragmenting 
flyer plate over the face of the detonator to improve, precision and 
integrate impulse.  However, measurements without added flyers are 
required to detect changes in closure discs.  (3) Use of a 10 nano- 
second digital time interval meter to permit rapid accurate data re- 
duction. 

After normalization with experimental results, one dimensional 
hydrodynamic calculations can be used to predict effects of variations 
in detonator construction.  For standard M55 detonators, the open 
sandwich Gurney formula predicts velocities correctly. 
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TEST DESCRIPTION 

As mentioned in the abstract most of the studies in this program 
were made on the M55 detonator shown in Figure 1. The detonator is 
initiated by a needle stabbing into the NOL-130 primer layer.  The 
flame is built up to £. detonation in the lead azide layer, and then 
the high output pressure and detonation velocity is produced by the 
RDX layer.  The NOL-130 and how it is initiated has no effect on out- 
put, and beyond the minimum priming charge, the lead azide has little 
effect on output. However, quantity and density of RDX, its confine- 
ment, and the closure disc are major factors. 

The fragment velocity test assembly developed in this program is 
shown in Figure 2.  The assembly is held together and good electrical 
contact assured by use of a spring loaded clamp on the stab needle 
guide.  The expendable components are made from a combination of inex- 
pensive washers and lengths of tubing.  The outer plastic tube is 
1/2" I.D., 3/4" O.D., and 1 3/4" long.  It has a 1/10" slit cut in one 
side to allow for variations in dimensions of the other parts, and is 
used to hold them in concentric alignment.  The upper and lower alumi- 
num tubes are 1/2" O.D., and 7/16" I.D.  The upper tube is used, in 
combination with an upper steel washer which is 1/10" thick, 1/2" O.D., 
with a 1/8" diameter hole, to provide an electrical path from the 
detonator to the high voltage side of the start switch, and to trans- 
mit the clamping force to the detonator.  To get accurate data, it is 
important that all parts be held together firmly and accurately. 

The lower tube provides the desired 1" standoff and the ground re- 
turn for the start and stop switches.  Although fragment velocity is 
almost constant from 1/3" to 1 1/3", timing errors are more signifi- 
cant at the shorter distances, and fragment dispersion causes loss of 
data at longer distances. 

The nylon centering washer has a thickness of 1/8" (which is 
slightly less than the 0.142" length of the detonator), a 1/2" O.D., 
and a center hole to provide a snu^ fit around the detonator (0.147" 
for a M55 detonator).  It also provides the radial confinement for 
the explosive output charge.  Nylon provides typical confinement, 
since most fuzes have thin die cast safe and arm sliders confining 
the detonator.  When steel confinement was used, fragment velocity 
increased 5.7Z. 

When a flyer plate ir- desired, it is placed in direct contact with 
the output end of the detonator.  The green lacquer coating over the 
closure disc provides some additional mass, however, tests where this 
was removed, where an additional 4 mil of paper were added, or where 
a layer of silicone grease was added, showed that the results on 
velocity of a 5 mil steel flyer plate were negligible. When a flyer 
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plate was not used, addition of 2 mil of Mylar decreased the frag- 
ment velocity 5.6%.  In order to get a start signal, the 2 rail of 
Mylar was used to insulate the detonator from its support washer. 
When this was shorted by the detonation, the timer started.  When 
the fragments penetrated the 0.02" of aluminum over the stop switch, 
the timer stopped.  Use of a timer accurate to 0.01 microseconds is 
needed.  The switch circuit used to give single, over damped pulses 
is shown in Figure 3. 

The stop filter thickness of 0.02" determines the size of frag- 
ment needed to stop the timer.  Since smaller fragments travel faster, 
the observed velocity varies 0.026 mm/ps for a 0.001" change in filter 
thickness.  (3.525 mm/ys for 30 mil, 3.75 mm/us for 20 mil, and 3.945 
mm/us for 16 mil). 

Although addition of a steel flyer plate increased the precision 
of the test (standard deviation was reduced by a factor of 4), its 
sensitivity to small changes in detonators was reduced.  Therefore, 
for a standard output test, no added flyers are recommended. 

Computer calculations of flyer plate velocity of M55 detonators 
were made using the SIN code (Ref 1).  It was found that observed 
and calculated velocities agreed when the RDX length was reduced 10% 
(to 51 mil) to compensate for radial losses.  The calculated velocity 
of fragments becomes constant in less than 1 mm, as shown in Figure 4 
and the observed velocity was found to be essentially constant at 
least out to 33 mm.  (Measurements were not made beyond that distance). 

The fragment patterns obtained are shown in Figure 5.  The pattern 
at short standoff in the lower view shows a central spot due ts. frag- 
ments from the closure disc surrounded by a ring from the thicker alum- 
inum in the cup crimp.  Flash x-ray pictures show the same effect, 
with the thicker ring traveling at a lower velocity.  The upper left 
pattern is obtained at the standard test distance of 25 mm, and shows 
that the 3 mil flyer breaks up into pieces.  The upper right pattern 
shows that the added steel flyer does not break up if the steel is 2 
mil or thicker. 

PARAMETER STUDIES 

In order to prove that the fragment velocity test is better than 
the present steel plate dent test, as a measure of detonator output, 
a series of special M55 detonators were made up with known variations 
in closure disc thickness, RDX quantity, and with HMX vs RDX.  These 
were then evaluated with the results shown in Table 1.  As can be seen, 
the fragment velocity is a much more sensitive test than plate dent. 
In addition, the digital readout of the velocity test is more accurate, 
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easier to record for automatic data reduction, and more reproducible 
than plate dents due to their rough surface. This test method has 
been proposed for use in an automated measurement system for M55 
detonators, but would be applicable to other detonators and leads as 
well. 

The open sandwich form of the Gurney equation given in Table 2 
correlates the observed velocities for M55 detonators quite well, 
and allows parameter studies to be made with less experimentation. 

The thick plate form of the Stearn form of the Gurney equation 
gave low velocities, unless the quantity of explosive was increased 
by 10% to compensate for the lead azide, alternatively, /2E could be 
increased. The thin plate form of the Gurney equation was closer to 
agreement without allowance for the azide, but velocities were still 
a little low. To investigate a wider range of C/M, steel flyer plates 
were placed over the output face of the detonators. A plot of the 
observed velocities for both aluminum and steel flyers vs the calcu- 
lated Stearn velocity is shown in Figure 6.  Fragment velocities for 
steel flyers could be checked by flash x-ray, and agreed well with 
the switch plate results, and the SIN-code calculations as shown in 
Figure 7. 

A statistical study on a larger number of detonators was made, 
and the results are shown in Table 3. Again, the sensitivity of the 
test method was shown to be very good.  A pooled standard deviation of 
0.017 mm/us for individual measurements was obtained.  The standard 
deviation of the average of a number of tests is equal to the indivi- 
dual deviation quoted divided by the square root of the number of 
observations. Of course, some of the observed deviation is due to the 
detonators, in addition to the test method, so that no test method 
could produce a much smaller result. 

2 
The SIN-code output was then integrated to produce the total P t 

energy in the fragments, and compared to the observed kinetic energy 
in the aluminum flyer plates of varying thickness.  Both results are 
shown in Figure 8, and indicate maximum energy in the fragments occurs 
with an 8 mil aluminum foil.  However, tests where the transit time 
in lead cups were measured with a 0.04" to 0.1" gap between the 
detonator and the lead indicated that 3-4 mil flyers were optimum, 
because the blast hitting the booster before the fragments is more 
effective than the higher fragment energy, as shown in Figure 9 (Ref 
2). 

Fragment velocities of some other detonators were also measured 
and results are shown in Table 4. The apparent Gurney constants are 
;ilso shown for the Stearn equation.  The different value for /2E  for 
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RDX for the M63 detonator indicates that factors such as confinement 
column length to diameter, and flyer materiel make it desirable to 
determine /2E experimentally when possible. 

CONCLUSIONS 

Fragment velocity measurement is a more accurate and faster 
measurement method for detonator output than plate dents. It is 
currently being used for research and development, and should be 
included in future specifications for quality control.  It is adapt- 
able to high speed automatic testing, which will be needed for plant 
modernization. 
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